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The  reader  U  requeited  to  maks  the  fMotoing  eorreeticns  .-^ 
On  page  452»  line  15, 

read  B^^%  Txco^l^^dt 


On  page  487,  last  two  lines  of  page,  instead  of  "  one  or  two 
centimetreB,"  read  "  one  or  two  millimetreB." 

On  page  488,  lines  7  and  8,  instead  of  "  all  oases  In  whloli 
frequencies  less  than  200  volts,"  read  "eases  in  which 
frequencies  less  than  200." 

On  page  517,  formula  (13), 

instead  of  B*  =  (i>SNE.  lO*)*, 

E .  108\* 


\P 

On  page  527,  in  the  Table  of  Iron  Core  Losses  of  Model  Hedge- 
hog 1:1  Transformer,  in  the  last  line  of  table,  under  total 
copper  losses,  instead  of  <<  12-5,''  read  "  125." 
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CHAPTEK 

L 

THE  HISTORICAL  DEVELOPMENT  OF  THE  INDUCTION 

COIL  AND  TRANSFORMER. 

§L  The  Evoliitioii  of  the  Induction  OolL— In  following 
oat  the  stages  of  development  of  the  induction  coil  and  the 
transformer,  we  find  that  they  are  no  exceptions  to  the 
general  law  that  improvements  in  experimental  appliances 
advance  along  definite  lines  by  a  process  of  evolution  in 
which  rudimentary  forms  are  successively  replaced  by  more 
and  more  completely  developed  machines.  We  are  able  by 
a  careful  scrutiny  of  existing  and  pre-existing  modifications  to 
detect  the  ideas  which  at  every  step  have  impelled  invention 
forwardy  and  also  to  examine  the  prototypes  in  their  relation 
to  the  final  and  fully  developed  idea.  Most  readers  would 
probably  consider  that  the  proto-typical  form  of  all  modem 
induction  coils  and  transformers  was  the  iron  ring  with  which 
Faraday  made  the  initial  discovery  in  electro-magnetic  induc- 
tion,* and  in  one  sense  this  is  of  course  correct,  but  a  careful 
examination  of  the  early  stages  of  the  development  of  the 
induction  coil  as  we  now  possess  it  seems  to  show  that  it  is 
descended  in  the  direct  line  not  from  Faraday's  ring  so  much 
as  from  Henry's  flat  spirals,  and  that  it  is  these  latter  which 
axe  the  chiefs  of  the  clan  and  true  ancestors  of  our  modem 
coil. 

Henry's  claim  to  be  an  independent  discoverer  of  the  funda- 
mental fact  of  electro-magnetic  induction  is  not  now  disputed. 
In  the  July  number  of  Silliman's  American  Jov/mal  of  Science 
for  1832,  Joseph  Henry,  then  a  young  teacher  in  the 
Albany  Academy,   gave  an  account  of  the  nuamer  in  which 

*  See"  The  Alternate  Current  Transformer,"  Vol  L,  p.  2. 
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he  had  independently,  and  hefore  receiving  an  account  of 
Faraday's  work  performed  in  the  previous  autumn,  elidted 
from  his  own  great  electro-magnet  an  induced  current  by 
wrapping  round  the  soft  iron  armature  certain  coils  of 
insulated  wire."^  In  the  same  Paper  in  which  he  thus  dis- 
closes his  anticipated  discovery  he  rendered  an  account  of  that 
in  which  he  had  in  turn  anticipated  his  illustrious  rival  by  the 
discovery  of  the  fact  of  the  sdf'induction  of  a  spiral  conductor, 
and  denoted  the  phenomenon  by  the  name  by  which  it  has 
since  been  known.  Simply  confining  himself  to  the  bare  state- 
ment of  the  new  fact  that  if  the  poles  of  a  small  battery  are 
joined  by  a  wire  a  foot  long  no  spark  will  be  found  on  breaking 
the  circuit,  whereas  if  the  wire  be  thirty  or  forty  feet  long, 
and  particularly  if  it  be  coiled  into  a  spiral,  it  gives  a  bright 
spark  when  so  employed,  Henry  noted  the  discovery  and 
correctly  attributed  the  phenomenon  to  the  induction  of  the 
circuit  upon  itself.  Finding,  however,  that  Faraday  was 
following  on  the  same  line  of  discovery  he  published  in  the 
Journal  of  the  Franklin  Institute^  in  March,  1835  (YoL  XY., 
pp.  169-170),  a  brief  epitome  of  the  facts  he  had  collected,  and 
made  mention,  for  the  first  time,  of  the  use  of  the  spirals  of 
flat  copper  tape  or  ribbon,  insulated  and  closely  wound  together, 
with  which  he  subsequently  conducted  his  brilliant  train  of 
discoveries  on  the  mutual  induction  of  circuits. 

A  few  months  later,  in  the  July  number  of  Stlliman^s 
American  Journal  of  Science,  1835  (Vol.  XXVIIL,  pp.  329-331), 
he  followed  this  up  with  a  more  explicit  account  of  his  investi- 
gations on  the  action  of  a  spiral  conductor,  especially  a  flat 
tape  spiral,  in  increasing  the  spark  and  the  shock  from  a  single 
cell  of  a  galvanic  battery.  Using  a  very  large  single  cell  of 
very  low  internal  resistance  known  as  "Dr.  Hare's  Calorimotor," 
he  sent  the  current  from  this  through  a  spiral  conductor 
formed  of  copper  ribbon  about  one  inch  wide  and  from 
sixty  to  one  hundred  feet  long,  well  covered  with  silk,  and 
the  several  spires  closely  wound  on  each  other.  One  end 
of  the  conductor  being  attached  to  one  pole  of  the  battery 

*  See  ''Collected  Scientific  Writings  of  Professor  Joseph  Henry,*' 
Vol.  L|  p.  73  ;  also,  Silliman'i  American  Journal  of  SeteneCf  July,  1832^ 
Vol.  XXIL,  pp.  403-408;  also,  Prof.  K  N.  Dickerson's  "Sketch  of  the 
Life  of  Joseph  Heniy,"  p.  12. 
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and  the  other  being  brought  in  contact  with  or  rubbed  along 
the  rough  edge  of  a  plate  of  metal  attached  to  the  other  end, 
he  obtained  vivid  sparks  at  the  place  of  contact.  Moreover, 
he  noted  that  if  copper  cylinders  two  inches  in  diameter  and 
about  five  inches  long  were  attached  as  handles  to  the  ends  of 
the  spiral  by  supplementary  wires,  and  if  these  cylinders  were 
grasped  by  moistened  hands,  a  series  of  sharp  shocks  was  expe- 
rienced when  the  end  of  the  spiral  conductor  was  as  before 
drawn  along  the  rough  edge  of  one  plate  of  the  calorimotor. 
This  preliminary  investigation  on  the  production  of  a  spark 
and  a  shock  from  a  single  cell  of  a  battery  led  him  to  make  a 
thorough  investigation  of  the  phenomenon,  in  which  he  most 
fully  explored  the  whole  of  the  facts.  These  experiments  he 
recounted  in  the  Tramactions  of  the  American  Phtlosophtcal 
Society  for  February,  1835  (Vol.  V.,  pp.  223-231);  and  in 
Silliman^s  American  Journal  of  Science  for  July,  1835,  covering 
in  these  pages  a  recital  of  the  independent  investigations  he  made 
in  going  over  the  same  ground  as  that  occupied  by  Faraday  in 
his  Ninth  series  of  "Electrical  Researches"  On  the  Influences  by 
Induction  of  an  Electric  Current  on  Itself,  which  was  sent  to 
the  Royal  Society  in  December,  1834,  and  read  in  January, 
1835.  Henry's  removal  from  Albany  Academy  to  Princetown 
College  created  an  interruption  in  his  researches,  but  the  news 
of  them  travelled  to  England,  and  in  turn  created  a  further 
wave  of  discovery.  The  subject  was  taken  up  by  William 
Sturgeon,  the  inventor  of  the  electro-magnet.  Sturgeon  met 
one  day  a  Mr.  Peaboddy,  lately  from  the  United  States,  in  the 
Adelaide  Gallery  of   Practical  Science,*  and  this  gentleman 

*  The  bunding,  whioh  was  formerly  the  Adelaide  Gallery  of  Ftactical 
Science,  now  sarviveB  as  Qatti's  restaurant  in  the  Strand.  It  has  many 
interesting  electrical  reminiscences  connected  with  it.  In  the  Adelaide 
Qallery  Wheatstone  performed  his  classical  experiments  on  the  "Velocity 
of  Electricity  "  in  1834  (fee  "  Wheatstone's  Scientific  Papers,"  p.  90).  In  it 
also  Faraday  performed  the  experiments  on  the  Electrical  Fish  or  Gym- 
notusy  and  established  the  real  electrical  nature  of  its  shock  in  1838  (see 
''Electrical  Researches,"  Vol.  II.,  p.  3). 

The  following  extract  from  Edwabd  Walfokd's  "  Old  and  New  London  " 
may  be  of  interest: — 

"Adjoining  the  Lowther  Arcade,  with  its  entrance  in  Adelaide-street, 
is  the  Adelaide  GaUexy,  originally  intended  as  a  place  of  amusement  and 
instruction  combined.  It  was  first  opened  in  the  year  1830,  and  named 
after  Queen  Adelaide,  the  consort  of  William  IV.    Its  varied  fortunes, 
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informed  him  of  Henry's  experiments  on  the  production  of  a 
shock  and  spark  from  a  single  pair  of  plates  in  a  galvanic  cell. 
Sturgeon  was  at  that  time  just  engaged  in  launching  a  new 
venture,  in  the  shape  of  his  Annals  of  Electricity ,  a  monthly 
journal  devoted  especially  to  electrical  science;  and  in  the 
first  volume  of  this  publication,  he  led  off  with  a  Paper  *'  On 
the  Electric  Shock  from  a  Single  Pair  of  Plates,"  in  which  he 
gave  an  account  of  Henr/s  work  and  of  his  own  repetition  of 
the  experiments  {Sturgeon's  Annals,  Vol.  L,  p.  67).  This  was 
published  in  October,  1836.  W.  Sturgeon  did  not  appear  at 
this  time  to  have  been  acquainted  with  Faraday's  Ninth  series 
of  Electrical  Besearches ;  but  after  repeating  most  of  Henry's 
experiments,  and  adding  some  of  his  own,  he  arrived  at  the 
conclusion  that  the  action  of  the  spiral  conductor  in  creating 
a  shock  was  due  to  the  collapse  of  the  magnetic  lines  of  force 

from  the  day  when  it  was  opened  as  a  temple  of  scienoe  down  to  ita 
tranformation  into  a  caaino,  are  thus  deverly  sketched  by  the  late  Mr. 
Albert  Smith  in  his  little  book  on  *  London  Life  and  Character ' : — '  Some 
time  back— dates  are  yery  diy  thingp,  so  we  need  not  care  about 
the  precise  year — there  existed  in  the  neighbourhood  of  the  Lowther 
Arcade  an  establishment  called  the  Adelaide  Qallery.  It  was  at 
first  deroted  to  the  diffusion  of  knowledge.  Clever  professors  were  there, 
teaching  elaborate  sciences  in  lectures  of  twenty  minutes  each ;  fearful 
engines  revolved  and  hissed  and  quivered,  as  the  fettered  steam  that  formed 
their  entrails  grumbled  sullenly  in  its  bondage  ;  mice  led  gaspingsub-aqueous 
lives  in  diving  bells ;  dook-work  steamers  ticked  round  and  round  a  basin 
perpetually  to  prove  the  efficacy  of  invisible  paddle-wheels ;  and  on  all  sides 
were  clever  machines  which  stray  visitors  were  puzzled  to  class  either  as 
coffee-mills,  water  wheels,  roasting  jacks,  or  musical  instruments.  There  were 
artful  snares  laid  for  giving  galvanic  shocks  to  the  unwary,  steam  guns  that 
turned  bullets  into  lead  sixpences  against  the  taiiget ;  and  dark  microsoopic 
rooms  for  shaking  the  principles  of  teetotallers,  by  showing  the  wriggling 
abominations  in  a  drop  of  the  water  which  th^  were  supposed  daQy  to  gulp 
down.  Then  came  a  transition  stage  in  the  existence  of  the  Adelaide  Galleiy, 
at  first  stealthily  brought  about.  The  oxy-hydrogen  light  was  slily  applied 
to  the  comic  magic  lantern,  and  laughing  gas  was  made  instead  of  carbonic 
acid.  By  degrees  music  stole  in,  then  wizards,  and  lastly  talented  vocal 
foreigners  from  Ethiopia  and  the  Pyrenees.  Science  was  driven  to  her 
wit's  end  for  a  livelihood,  but  she  still  endeavoured  to  appear  respectable. 
.  .  .  And  at  last  all  the  steam-engines  and  waterworks  were  cleared 
away,  and  the  Adelaide  Gslleiy  was  devoted  entirely  to  the  goddess  of  the 
"  twinkling  feet,"  and  called  a  casino.  It  was  altered  into  the  Marionette 
Theatre  in  1852,  and  is  now  one  of  the  refreshment  rooms  of  Mesars. 
Gatti.'" 
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vhen  the  current  in  the  coil  vas  interrupted,  and  that  this 
gave  rise  to  a  momentary  self-induced  current  in  the  coil  set  in 
motion  by  a  greater  electromotive  force  than  that  of  the  excit- 
ing cell.  Subsequently  he  became  acquainted  with  Faraday's 
prior  work  on  self-induction,  and  in  a  critical  Paper  (Sturgeon's 
Annals  of  Elecbricity^  Vol.  I.,  p.  192)  he  discusses  Faraday's 
results,  and  with  great  skill  experiments  with  a  number  of  coils 
with  and  without  iron  cores,  with  the  object  of  finding  out  how 
much  of  the  "  shock "  was  due  to  the  iron,  and  how  much  to 
the  wire  coils.  On  page  283,  Vol.  I.,  of  the  Annah  there  is  a 
full  reprint  of  Henry's  Paper  read  before  the  American  Philo- 
sophical Society  in  February,  1835. 

§  2.  Page's  Besearchea. — The  next  important  fact  seems  to 
iiave  been  added  by  Prof.  C.  G.  Page,  of  Washington,  in 
the  United  States,  who  published  an  account  in  SUUman's 
American  Journal  of  Science  for  October,  1836  (Vol.  XXXI., 
p.  137),  of  his  researches  on  the  self-induction  of  spiral  con- 
ductors. Sturgeon  abstracted  an  account  of  Page's  work 
in  his  Annals  (Vol.  I.,  p.  290),  and  made  it  available  for 
English  readers.  Prof.  C.  G.  Page  constructed  in  1835  a  spiral 
copper  strip  coil,  of  which  the  strip  was  one  inch  wide  and 
220ft.  long,  carefully  insulated,  and  having  terminal  wires 
soldered  at  intervals  of  55ft.  This  strip  was  rolled  up  into  a 
flat  spiral,  and  mercury  cups  attached  to  the  six  terminal 
wires. 

A  single  cell  of  a  Hare's  calorimotor,  or  large  copper-zinc 
•cell,  was  then  attached  to  an  adjacent  pair  of  terminals,  and 
it  was  found  that  on  breaking  the  battery  contact  sparks  and 
shocks  could  be  procured  by  touching  any  of  the  other  ter- 
minals in  pairs. 

The  difference  between  Henry's  and  Page's  arrangements 
may  be  indicated  by  a  diagram,  in  which  for  clearness  the 
•copper  strip  is  represented  as  unrolled. 

Let  S  S  (Fig.  1)  be  Henry's  copper  strip  coil  unrolled,  and 
let  B  be  a  galvanic  cell,  and  H  H  the  handles  for  taking  the 
inductive  shock,  when  the  battery  circuit  is  broken  at  0.  In 
Henry's  experiments  the  arrangement  of  the  coil  was  such  that 
the  self-induction  of  the  whole  of  it  was  employed  in  producing 
the  shock  when  a  person  held  the  handles  H  H. 
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In  Page's  arrangement  the  strip  with  its  six  or  seven  contacts 
is  represented  by  S  S  (Fig.  2),  and  the  cell  or  battery  was 
applied  to  the  terminals  1  and  2  Page  found  that  severe 
shocks  could  be  obtained  by  taking  hold  of  metal  handles 
attached  to  the  terminals  7  and  3,  or  6  and  5,  or  7  and  6,. 
when  the  battery  circuit  was  broken  at  0.  By  making  tho 
break  and  make  of  contact  by  a  rapid]y  revolving  spur  wheel  he 


Fio.  1. — ^Diagram  represe&tiDg  Henry's  Ribbon  Coil  uiiro]]iv1« 


Fi(k  2. — Diagram  representing  Page's  Ribbon  Coil  unrolled. 


got  a  succession  of  sparks  from  a  portion  of  the  strip  not 
included  between  the  battery  terminal.  In  place  of  a  spur 
wheel  he  also  made  and  broke  contact  rapidly  by  dragging  one 
end  of  the  battery  wire  over  a  file  or  rasp  in  contact  with  the 
plate  of  the  battery. 

On  page  294  of  Vol.  I.  of  the  Annals  Sturgeon  explained 
Page's  experiment  correctly  as  due  to  the  induction  of  one  part 
of  the  coil  on  the  other.     Page  really  made  the  first  experi- 
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ment  in  auto-induetian,  and  showed  that  different  parts  of  the 
same  oonduotor  might  act  as  primary  and  secondary  circuits  to 
each  other  if  in  contiguity. 

§3.  Oallan's  Induction  Apparatus.— We  then  come  to  an 
important  contribution  by  the  Rev.  N.  J.  Oallan,  of  May- 
nooth  College.  This  investigator  followed  up  with  great 
interest  and  success  the  researches  of  Faraday,  Henry,  Page, 
and  W.  Sturgeon;  and  on  page  295  of  Sturgeon's  AnnaU 
of  Electricity^  Vol.  I.,  we  have  a  Paper  by  him,  written  in 
1836,  ''On  the  best  method  of  making  an  electro-magnet 
for  electrical  purposes,  and  on  the  vast  superiority  of  the 
electric  power  of  the  electro-magnet  over  the  electric  power 
of  the  common  magneto-electric  machine." 

In  this  Paper  Callan  describes  the  construction  of  an  electro- 
magnet with  two  separate  insulated  toires,  one  thick  and  the  other 
thtn^  wound  on  the  iron  core  together.  He  first  coiled  on  a 
long  and  thick  horseshoe-shaped  bar  of  iron  a  very  thick  copper 
vnre  covered  with  silk  or  cotton,  and  securely  over  this  a  very 
long  thin  iron  wire^  also  insulated  with  cotton,  and  one  end, 
viz.,  the  inner  end,  of  the  iron  wire  was  joined  to  the  outer  end 
of  the  copper  circuit.  In  his  first  magnet  the  copper  wire 
consisted  of  a  wire  50ft.  long  and  one-twelfth  of  an  inch  in 
diameter,  and  the  iron  wire  was  1,300ft.  long  and  one-fortieth 
of  an  inch  in  diameter. 

He  sent  a  current  from  a  battery  of  one  or  two  pairs  of 
plates  through  the  thick  copper  wire,  and  attached  metallic 
handles  to  the  ends  of  the  iron  wire  for  the  purpose  of  taking 
a  shock,  and  then  on  making  and  breaking  the  circuit  of  the 
battery  rapidly  he  got  severe  shocks  from  the  iron  wire  circuit. 
Here  we  have  the  first  description  that  exists  of  an  induction 
coil  with  a  short  thick  and  a  long  thin  wire  upon  it ;  but  tha 
peculiarity  of  it  was- that  the  end  of  the  secondary  or  thin  wire 
was  joined  to  the  end  of  the  thick  wire,  so  that  they  formed 
one  circuit  wound  all  in  the  same  direction  upon  the  magnet. 
Callan's  experiment  was,  therefore,  an  extension  of  Page's,  and 
this  last,  again,  was  an  improvement  on  Henry's  apparatus. 
Callan  followed  up  this  Paper  by  another  dated  June  14,  1836, 
published  in  Sturgeon's  AnnaU,  Vol.  I.,  p.  376,  being  "A  de- 
scription of  the  most  powerful  electro-magnet  yet  constructed.'' 
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He  had  forged  an  iron  bar  2^  inches  in  diameter,  13  feet 
long,  and  bent  into  a  horseshoe.  It  weighed  15  stone.  Four 
hundred  and  ninety  feet  of  insulated  copper  wire,  one-sixth 
of  an  inch  in  diameter,  were  wound  on  it  in  one  layer,  and 
over  this  a  thin  insulated  copper  wire  10,000  feet  long  and  one- 
fortieth  of  an  inch  in  diameter ;  and  one  end  of  the  thin  wire 
was  soldered  to  one  end  of  the  thick  wire,  so  that  the  whole 
length  of  the  two  wires  formed  a  single  circuit,  wound  all  in 
the  same  direction  on  the  big  horseshoe.  The  current  from  20 
large  Callan  cells  (iron  cells),  or  from  a  Wollaston  battery  of  280 
pairs  of  plates,  was  passed  through  the  thick  copper  wire  circuit 
alone,  and  rapidly  interrupted  by  an  apparatus  Callan  called  a 
repeater  (see  Fig.  3).     Wires  were  soldered  to  the  extremities  of 


Fio.  3. — Callan'a  Electro-Magnetic  Repeater,  or  Vibrating  Contact  Breaker. 


the  fine  wire  circuit  to  receive  the  induced  current.  Provided 
with  this  formidable  apparatus,  the  inventor  proceeded  to  per- 
form striking  experiments  with  the  induced  currents.  "  When 
by  means  of  an  electro-magnetic  repeater  a  rapid  succession  of 
secondary  currents  was  induced  in  the  fine  wire,  and  passed 
between  charcoal  points  attached  to  the  ends  of  the  secondary 
circuit,  they  were  slightly  ignited."  The  shock,  as  can  be 
imagined,  was  exceedingly  severe,  and  the  ardent  experimen- 
talist proceeded  to  pass  from  this  germinal  experiment  in  the 
production  of  an  arc  light  by  means  of  a  transformer  to  an 
experiment  in  electrocution.  For  he  adds :  '^  Although  the 
igniting  power  of  the  electric  current  produced  in  the  long 
coil  of  thin  wire  was  very  feeble,  its  intensity  was  exceedingly 
great.  When  it  (the  secondary  current)  was  passed  through 
the  body  of  a  large  fowl  instant  death  was  produced."    This 
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ms^et,  or  gne  like  it,  was  sent  by  Callan  to  TiSx.  Storgetm, 
and  by  him  exhibited  to  the  London  Electrical  Society  at  a 
~^eting  held  on  August  5,  1837,  and  members  and  visiton 
enjoyed  powerful  ahooks  from  the  aeoondary  wire  of  this 
electro-magnetio  apparatus. 

§4  Sturgeoa's  OolL — In  Sturgeon's  AnruUt  of  Eleetridty, 
Vol.  I.,  p.  418,  there  is  a  mention  of  the  meeting  of  the 
London  Electrical  Society  held  on  August  6,  1837,  when 
Sturgeon  read  a  paper  on  "Secondary  Eleotrio  Currents," 
illustrated  by  a  powerful  double-wire  horseshoe  electro-magnet 
which  had  been  presented  to  him  by  Prof.  Gallon,  of  tbe 
R.C.  College,  Maynooth.    This  paper  or  lecture  stimulated 


Pio.  4. — Sturgeon's  InduoUon  Coil  (rith  ^00(1611  Core. 

CoDUct  btfktr  at  Isrmlnil  I,  tonilating  of  ■  ai«  rnbbsd  bj  tlia  wire  end. 
Free  teimiuil,  pniiMed  with  handle  k, 

sereml  minds,  and  particularly  that  of  Sturgeon  himself. 
On  page  470  of  the  Annals,  Vol.  I.,  we  have  another 
Paper  by  him,  on  "An  Experimental  Inyestigation  of  the 
Influence  of  Electrical  Currents  on  Soft  Iron  as  regards  the 
thiokneae  of  metal  requisite  for  the  full  display  of  MagnetJo 
Action,  and  how  far  these  pieces  of  iron  are  available  for 
Practical  Purposes."  He  constructed  a  double-wire  helix 
on  Callan's  plan.  He  wound  on  a  wooden  bobbin  a  naked 
copper  wire  insulated  with  sealing-wax  Tarnish.  One  wire 
was  a  copper  bell  wire,  260  feet  long,  forming  tbe  inner  or 
lower  coil ;  and  the  upper  or  outer  coil  was  a  thinner  copper 
wire,  1,?00  feet  long.  The  end  of  the  fine  wire  was  soldered  to 
one  end  of  the  thick  wire,  so  that  it  made  one  continuous 
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oonduotor,  wound  all  the  same  way  on  the  bobbin.  The  reel,  or 
bobbin,  was  of  wood,  two  inches  long  between  the  cheeks.  (See 
Fig.  4.)  Strips  of  silk  were  interposed  between  the  layers  of 
wire.  Hence,  Sturgeon's  coil  was  a  short,  wide  coil,  wound  on  a 
hollow  wooden  core,  and  not  like  Callan's  magnet^  which  was 
long  and  thin.  Stuigeon  applied  to  his  coils  a  break-and-make 
arrangement)  consisting  of  a  wire  dipping  in  a  mercury  cup  in  one 
case  and  of  a  notched  zinc  disc  in  the  other.  (See  Figs.  5  and  6.) 
The  mercury  cup-break  was  worked  by  a  revolying  cam  and 
lever,  and  gave  about  36  breaks  per  second  when  the  cam  was 
turned   round  by  a  wmch.    With  the  zinc  disc  he  got  640 


Fio  6.  — Stux^geon's  Induction  CoiL 

Z  and  0,  wins  from  battery,  o  o,  coIL  A  A,  base  of  ooU.  W  W,  driving  wheel 
for  contact  breaker,  a,  cam  UftiDg  a  irtre  attached  to  aim  S.  ns  a  meronry 
OOP  tact. 

breaks  per  second.  He  put  a  tolid  iron  core  in  the  bobbin, 
and  he  was  delighted  to  find  that  he  got  powerful  shocks  from 
the  secondary  circuit  when  the  current  from  one  or  two  cells 
was  interrupted  in  the  primary.  He  then  made  a  very  curious 
observation.  He  found  that  with  the  solid  iron  core  the  shock 
was  much  diminished  in  amount  when  the  revolving  contact- 
breaker  went  above  a  certain  speed.  After  some  trials  he  sub- 
stituted a  bundle  of  fine  iron  wires  for  the  solid  core,  and  he 
got  very  much  better  results.  He  draws  attention  to  the  fact 
that  (AnnaU,  Vol.  I.,  p.  481)  Prof.  G.  H.  Bachhoffher  had 
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tried  a  divided  iron  core  about  a  fortnight  before  he  had 
with  one  of  Sturgeon's  own  coils,  which  he  had  lent  him. 
Bachhoffiier  observed  that  a  bundle  of  fine  iron  wires  used  as 
a  core  in  Sturgeon's  coil  gave  far  better  shocks  than  when 
a  solid  iron  bar  was  employed.  We  must  therefore  credit 
Bachhofi&ier  with  being  the  first  to  recognise  the  value  of  a 
divided  iron  core.  W.  Sturgeon  noted  that  a  rolled-up  sheet 
of  tinned  iron  put  in  as  a  core  increased  the  shocking  power 
in  an  extraordinary  degree  beyond  that  obtained  when  a  solid 
core  was  used,  and  that  with  a  bundle  of  fine  iron  wires  as  a 


Fio.  6. — Stnrgeon*8  First  Induction  Cofl. 

A,  1k>x  oontalntDg  ooil.  B,  indaction  coil.  C,  battery.  D,  xino  din  contact 
breaker.  F,  iron  core.  H  H,  handles  on  aecondaiy.  h  and  i,  wirei  from  battery 
to  contact  cnps  I  and  2.    4  and  6,  termlnalB.    k  and  /,  handles. 

cxnre  the  shocks  were  still  more  increased.  Sturgeon  claimed 
that  his  coil  was  an  advance  on  Callan's,  and  certainly  when 
we  regard  the  sketch  of  Sturgeon's  first  coil,  we  see  that  he 
gave  to  the  appliance  practically  the  general  form  which  it  has 
retained  ever  since.  This  coil  of  Sturgeon's  was  exhibited  to 
the  London  Electrical  Society  in  August,  1837. 

§5.  CaUan's  Coils  with  Separate  Olrcuits. — We  come  next  to 
another  important  Paper  by  Callan,  dated  September  11,  1837, 
printed  in  Vol.  I.,  p.  491,  of  Sturgeon's  Annals  of  Electricity. 
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'*  On  a  Method  of  Connecting  Electro-magnets  so  as  to  Com- 
bine their  Electric  Powers,  and  on  the  Application  of  Electro- 
magnetism  to  the  Working  of  Machines." 

Callan  wound  on  each  of  two  iron  bars  a  couple  of  wires,  first 
a  copper  wire  one-twelfth  of  an  inch  in  diameter  put  on  in  one 
layer,  and  second,  a  copper  wire  one-ninetieth  of  an  inch  in 
diameter  and  150ft.  long,  wound  oyer  the  first.  Each  wire  was 
carefully  insulated  both  from  itself  as  well  as  from  the  iron 
and  the  other  wire.  It  is  clear  from  the  description  which 
follows  that  in  making  these  two  induction  coils  Callan  did  not 
join  the  end  of  the  secondary  wires  to  the  end  of  the  prima- 
ries, but  left  the  secondary  distinct  and  insulated  from  the 
primaiy.  He  then  joined  the  primaries  of  these  two  induction 
coils  in  parcUlel  on  a  large  galvanic  cell,  and  the  secondary 
coils  he  joined  in  series,  and  he  obtained  from  the  secondaries 
in  series  a  shock  greatly  in  excess  of  that  which  he  obtained 
from  either  of  them  separately.  He  points  out  that  the  secon- 
daries must  be  so  united  that  the  electromotive  forces  in  each 
are  added  and  not  opposed  to  each  other,  and  he  surmises  that 
if  a  hundred  such  induction  coils  could  be  arranged  with 
secondaries  in  series  and  primaries  in  parallel  on  a  very  large 
quantity  battery,  it  would  be  possible  to  have  a  shock  equal 
to  that  of  100,000  or  200,000  single  cells. 

On  page  493  {Annals,  Vol.  I.)  he  says: — "In  making 
electro-magnets  which  are  to  be  connected  for  the  purpose 
of  obtaining  increased  electric  intensity,  care  must  be  taken 
not  to  solder  the  thin  wire  to  the  thick  wire  of  the  magnet, 
but  to  leave  both  ends  of  the  thin  wires  projecting." 

In  a  note  he  recommends  that  for  lecture  purposes  the  thick 
wire  coil  and  the  thin  wire  coil  should  be  wound  on  separate 
bobbins,  the  thick  wire  bobbin  being  made  to  slide  inside  the 
thin  wire  bobbin ;  and  he  says  that  such  a  pair  of  separate 
ooils  was  given  by  him  to  Mr.  Cottam,  the  secretary  of  the 
Manchester  Mechanics'  Institute,  during  the  lecture  he  gave 
there.  Hence  it  is  to  Callan  that  we  owe  this  simple  piece  of 
apparatus,  now  found  in  every  physical  laboratory,  and  it  is  to 
him  that  we  are  indebted  for  an  induction  coil  having  two 
separate  wires,  one  thick  and  the  other  thin,  used  as  an  induc- 
tion coil.  Furthermore,  he  says  that  about  four  months  before 
writing  this  Paper  he  coiled  on  a  cylinder  of  wood  (hollow) 
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about  10  feet  of  covered  copper  wire,  one-eighth  of  an  inch  in 
diameter,  and  oyer  this  200ft.  of  very  thin-covered  wire,  and 
an  iron  bar  was  put  into  the  hollow  of  the  bobbin.  With  20 
pairs  of  plates  («.e.,  cells)  on  the  primary,  he  got  severe  shocks 
even  without  the  iron  core,  and  when  the  core  was  put  in  he 
got  a  shock  even  on  making  the  contact  with  the  battery, 

§  6.  BachholEaer's  Divided  Core. — ^A  little  later  in  the  first 
volume  of  Sturgeon's  Annals  of  Electricity  we  reach  a  Paper 
by  a  Mr.  E.  M.  Clarke,  on  an  induction  coil  {bu  Fig.  7),  for 
giving  shocks  with  a  single  pair  of  plates.  There  is  nothing 
more  in  this  than  a  description  of  a  Callan's  or  Sturgeon's 


Fia.  7. — Clarke's  Induction  CoiL 

«» eore  of  eolL   t ,  drlTing  wheel  of  contact  breaker.    V,  driTen  pnUey. 
r,  itar  wheel  breakiiig  contact  with  merctuy  in  Tesiel «. 

coU.  The  secondary  wire  was  one  ninety-second  of  an  inch 
in  diameter,  and  the  contact  breaker  was  a  Barker's  wheel, 
or  copper  star,  revolving  so  that  the  tips  of  its  spokes  just 
dipped  in  mercury  in  a  bottle  {see  Fig.  8). 

Some  time  previously  Mr.  Barker  had  invented  this  device 
for  interrupting  a  current.  Mr.  K  M.  Clarke  was  a  philoso- 
phical instrument  maker,  having  a  shop  in  the  Lowther  Arcade, 
and  his  memory  is  also  handed  down  to  us  as  an  improver  of 
Pixii's  magneto-electric  machine.  Mr.  Sturgeon  comments  on 
Clarke's  Paper,  and,  for  appropriating  without  sufficient  acknow- 
ledgment Mr.  Barker's  wheel  and  his  own  coil,  he  gives  Mr. 
Clarke,  of  11,  Lowther  Arcade,  a  dignified  rebuke.  Various  im- 
provers having  been  given  the  clue,  took  up  the  manufacture  of 
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indaotion  ooila.  Oa  page  206  of  the  Annals  of  EUctricity,  Vol.  II., 
&  Mr.  Xesbit  senda  a  dasoriptioa  of  a  coil  {see  Fig.  9)  ;  it  had  a 
reTolving  ratohet  wheel  as  a  contact  breaker,  a  priioaiy  ooU, 
oonsiBtmg  of  400ft.  of  thick  wire,  and  a  Becoodaiy  of  1,700ft.  of 
thin  wires  ^uid  as  a  core  a  bundle  of  very  fine  lion  wire.    This 


Fia.  8.  — U&rka-'a  Itcvulving  CouUtct  Breaker,  or  Mercoi?  Break. 


Fla.  S. — NeaUt'B  Induction  CoiL 


descriptioiiU  dated  February  10, 1838.  This  ooil  gave  very  severe 
shocks  when  the  primary  was  excited,  with  oae  cell  of  half  a  square 
foot  of  actiTe  sui&ce.  Nesbit  put  oil  on  bis  break  to  reduce 
the  noise  and  check  the  spark.  Four  days  later,  on  February 
14,  1838,  Prof.  O.  H.  Boehhoffiier  has  a  description  of  a  coil 
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whioih  be  made  with  two  separate  insulated  copper  wires  and  a 
core  of  insulated  iron  wires,  and  he  notes  that  if  the  core  of 
fine  iron  wires  is  enclosed  in  a  tinplate  tube  it  ceases  to  act  as 
a  divided  core,  and  becomes  no  better  than  a  solid  core.  He 
claims  the  original  suggestion  of  using  a  divided  iron  corCi  and 


Fig.  10.— Uriah  Clarke's  CoU.    (Side  elevation.) 


tIJ CJ 

FlG.  11.— Uriah  Clarke's  CoiL    (Back  view.) 

it  appears  from  what  he  says  that  at  first  he  used  lengths  of 
cotton-covered  iron  wires  in  a  bundle  as  a  core. 

Baohho&er  refers  also  to  a  self-acting  contact  breaker  which 
he  put  on  one  of  his  coils,  and  which  he  says  was  made  by 
Mjt.  Keeve,  of  11,  Great  St.  AndreVs-street,  Seven  Dials,  who 
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made  for  him  this  magnetic  contaot  breaker  greatly  superior  to 
the  spur  wheel  of  Barker  or  the  notched  disc  of  Stuzgeoi^ 
both  of  which  required  to  be  actuated  by  hand. 

Following  on  these  researches  of  Sturgeon  and  others, 
numerous  inyestigators  introduced  successiye  smaller  improTO- 
ments  into  the  construction  of  induction  coils.  Uriah  Clarke, 
of  Leicester,  in  June,  1838,  sent  to  Sturgeon  a  description  of 
an  induction  coil,  in  which  the  bobbin  was  placed  yertically 
(see  Figs.  10  and  11),  and  which  has  since  been  a  not  unusual 
arrangement  for  medical  coils.  In  Uriah  Clarke's  coil  a 
primary  wire  of  copper,  -^^in,  in  diameter,  40  yards  long, 
was  employed,  and  a  secondary  coil  of  300  yards  of  very 
fine  copper  wire,  also  a  "break"  consisting  of  a  brass 
wheel,  haying  on  its  circumference  wooden  pegs,  and  which 
made  and  broke  contact  with  a  spring  of  brass  resting  against 
it.  Sometimes  a  steel  wheel  with  a  milled  edge  was  employed 
for  the  same  purpose. 

§7.  Oallan's  Further  Researches. — ^In  the  PhUosophieal 
Magazine  for  December,  1836,  Prof.  N.  J.  Callan  made  further 
mention  of  his  auto-induction  coils,  giving  also  a  description 
of  an  improved  form  of  galvanic  battery.  He  wound,  on  an 
iron  bar  about  two  feet  long  and  an  inch  thick,  two  coils  of 
insulated  wire,  each  about  200ft.  long.  These  insulated 
wires  were  joined  together  in  series,  and  the  ertremities  of  one 
wire  were  put  in  connection  with  a  battery  of  14  cells;  on 
taking  hold  of  the  ends  of  the  whole  length  of  400ft.  of  wire 
and  breaking  the  battery  circuit,  a  very  sharp  shock  was  felt. 
He  concluded  that  if  about  2,000ft  of  wire  were  so  coiled 
on  a  bar,  and  the  first  200ft  of  this  wire  connected  to  a 
battery,  a  still  greater  shock  would  be  received  if  the  ends  of 
the  whole  2,000ft  were  touched,  and  the  battery  contact 
broken.  Twenty-one  years  afterwards  he  returned  again  to  the 
subject  of  induction  apparatus,  and  in  a  long  Paper,  communi- 
cated to  the  British  Association  at  its  Dublin  meeting  in  1857, 
and  reprinted  in  the  Philosophical  MagasAne  for  November, 
1857,  Callan  described  many  experiments  he  had  made  in  his 
efforts  to  improve  the  induction  coil  and  exalt  its  power.  Re- 
ferring first  to  the  induction  coil  made  at  Maynooth  College  in 
1836,  and  to  one  like  it  sent  to  Mr.  Sturgeon  in  the  sunmier  of 
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1837,  he  eetablishes  his  olaims  to  priority  in  the  matter  of  the 
inyention  of  an  induction  coil,  having  two  separate  wires,  one 
thick  and  the  other  thin,  by  means  of  which  a  quantity  current 
could  be  made  to  produce  an  intensity  current.     This  1857 
Paper  is  occupied  chiefly  in  advocating  the  use  of  an  induction 
ooU,  with  a  secondaiy  circuit  made  of  insulated  iron  wire,  and 
such  a  coil  he  showed  to  the  British  Association,  in  which  the 
secondary  circuit  consisted  of   21,000ft.  of  iron  wire,  about 
"Clin,  diameter.     His   arrangement   apparently   consisted  in 
using  a  secondary  circuit  of  insulated  iron  wire  rolled   up 
tightly  into  a  cylindrical  form,  and  which  formed  not  only  the 
secondary  circuit,  but  also  the  iron  core  of  the  primary.    The 
primary  circuit,  consisting  of  insulated  copper  wire,  was  woimd 
over  and  outside  of  the  iron  wire  secondary,  and  the  secondary 
circuit  thus  fulfilled  at  once  the  functions  of  core  and  secondary 
circuit.     In  one  form  of  coil  described  the  circuits  were  alter- 
nately overlaid.     First  an  iron  wire  secondary  circuit,   then 
a  copper  wire  primary;   then  over  this  another  iron  wire 
secondary,  and  a  further  copper  wire  primary.     The  primary 
circuits  were  to  be  joined  in  series,  and  the  iron  wire  secondaries 
in  parallel,  with  the  object  of  obtaining  '*  considerable  quantity  " 
in  the  secondary  currents.    It  is  suggested  that  in  this  way  it 
would  be  possible  to  procure  current  enough  to  operate  an  arc 
light  between  carbon  poles.     One  form  of  induction  coil  sug- 
gested consisted  of  an  iron  wire  secondary  coil  wound  up  tightly 
into  a  helix ;  and  on  this,  considered  as  an  iron  core,  the  copper 
wire  primary  was  wound ;  over  this  copper  circuit  another  iron 
wire  circuit  was  coiled,  and  the  two  iron  wire  circuits  were 
joined  up  in  series,  so  that  the  copper  wire  primary  acted  in- 
ductively on  both,  and  generated  induced  currents  in  each  in 
the  same  direction.     Beasons  are  given  in  this  Paper  which 
led   the   writer   to  consider   that  this  insulated    iron  wire 
secondary  circuit  had  advantages  over  a  secondary  circuit  of 
copper  wire,  and  an  independent  longitudinally  divided  iron 
core,  as  introduced  by  Bachhofiner.     Callan  explained  with 
great  clearness  that  the   principle  of  joining  together  the 
seoondary  circuits  of  a  number  of  coils  in  parallel  is  the  right 
method  to  adopt  to  obtain  a  secondary  current  of  sufficient 
strength  and  electromotive  force  to  produce  an  arc  light,  and 
he  may,  therefore,  be  credited  with  the  knowledge  at  that  date 
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of  the  mode  of  adding  up  either  the  electromotiYe  forces  or  the 
ourrents  in  the  secondary  circuits  of  a  number  of  distinct  in- 
duction coils.  It  is  not  quite  equsJly  clear  whether  he  ever 
arranged  his  coils  with  primary  circuits  in  parallel  also.  The 
same  Paper  also  contains  suggestions  as  to  mode  of  manufacture 
of  condensers  for  induction  coils,  and  certain  advantages  are 
4)laimed  for  condensers  made  of  iron  plates  rather  than  of  tin- 


FiQ.  12.— Dr.  CalUn's  First  Induction  GoQ  (1836),  with  tUek  and 

thin  wire  Gtrcuits. 
Still  preserved  at  Ibjnooth  GoUege. 


foil  sheets.  Callan's  mode  of  insulating  the  wires  of  his  ooils 
was  ingenious.  He  dragged  the  bare  iron  or  copper  wire 
through  a  hot  bath  of  melted  resin  and  beeswax,  and  this, 
when  set,  formed  a  highly  insulating  and  sufficiently  flexible 
▼amish  on  the  wire,  which  appears  to  have  rendered  silk  or 
cotton  covering  unnecessary.  The  secondary  circuits  were 
wound  on  the  plan,  previously  suggested  by  Poggendorfi^  of 
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building  up  the  secondary  circuit  of  flat  or  vertical  coils,  so 
connected  that  no  contiguous  parts  of  the  wire  were  at  great 
differences  of  potential  when  the  coil  was  in  action. 

Prof.  Francis  Lennon  has  given*  the  following  details  of  the 
remains  of  Prof.  Gallants  apparatus,  which  are  still  preserved  at 
Majnooth  College  as  valuable  relics.  The  large  electromagnet 
•constructed  by  Callan  in  1836,  consisting  of  a  horse-shoe  of 
iron,  about  13ft.  in  length,  and  weighing  2101b.,  is  still  in 
existence  (tee  Fig.  12),  but  it  has  been  deprived  in  course  of 
time  of  one  of  its  circuits,  so  that  it  now  remains  as  a  simple 
and  not  a  compound  electromagnet.  A  somewhat  smaller  horse- 
-shoe  magnet,  constructed  by  him  on  the  same  principle,  with 
two  wire  coils,  one  thick  and  one  thin,  was  the  one  presented 
to  Mr.  Sturgeon.  In  the  Physical  Laboratory  at  Maynooth  also 
exists  one  of  Callan's  Electromagnetic  ''  Eepeaters,"  which  was 
one  of  the  first  rapid  contact  breakers  ever  made. 

§  8.  CaUan's  Chreat  Induction  Coil — The  most  valuable  relic 
is,  however,  the  large  induction  coil,  which  may  be  regarded  as 
the  completion  of  Dr.  Callan's  labours.  Although  constructed  30 
years  ago,  it  is  still  one  of  the  largest  coils  in  existence.  The 
representation  of  it  in  Fig.  13  is  from  a  photograph  recently 
made.  The  core  is  a  cylindrical  bundle  of  annealed  iron 
wires  42in.  in  length,  and  3'5in.  in  diameter.  The  thick- 
ness of  each  wire  is  y^in.  The  primary  coil  is  a  copper  wire, 
'25in.  in  diameter,  covered  with  cotton  thread,  and  wound  in 
three  layers.  For  insulation  the  primary  coil  is  covered  with 
-several.Iayers  of  thin  sheet  gutta-percha,  cemented  by  a  paste, 
formed  by  dissolving  gutta-percha,  resin,  and  wax  in  boiling  oil 
The  secondary  coil  is  of  iron  wire  "Olin.  diameter,  and  consists 
of  three  separate  coils  or  rings.  The  inner  diameter  of  each  coil 
or  ring  is  5-75in.,  and  the  outer  diameter  is  21in.  Two  of  the 
rings  are  3in.  in  thickness,  and  one  is  4in.  The  rings  are  so 
imraoged  on  the  primary  coil  as  to  divide  its  entire  length  into 
four  equal  parts,  the  planes  of  the  rings  being  perpendicular  to 
the  axis  of  the  coil.  In  each  ring  both  ends  of  the  wire  are 
left  projecting,  so  that  the  separate  coils  can  be  joined  in  series 
-or  in  parallel.    The  contact  breaker  is  an  automatic  mercury 

*  See  EUctHoian,  Ifarch  6, 1891,  Vol.  XXYI.,  p.  664. 
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break,  worked  from  one  extremity  of  the  core.  Two  coDdenBers, 
so  arranged  that  the;  can  be  used  together  or  separately,  serve 
to  reduce  the  spark  at  the  break.  With  six  cells  of  the 
Majmooth  or  cast  iron  battery,  sparks  ISin.  long  in  air  can  be 
still  obtained,  the  rings  or  secondary  coils  being  joined  m  aeries. 
Prof.  Gerald  Molloy  states*  that  the  construction  of  this  coil 
was  commenced  by  Dr.  Callan  8(mie  years  before  his  death, 
which  occvured  in  January,  1664,  and  that  it  was  then  left  ia 
an  unfinished  condition.  It  was  probably  hia  intention  to  add 
more  secondary  coils  to  it.  It  remained  one  of  the  most  power- 
ful eoils  down  to  the  time  of  the  construction  of  Mr.  Apps' 
large  coils  for  the  Polytechnio  and  for  Mr,  Spottiswoode.    A 


Fia.  13.— Dr.  C&llan'a  Large  Induction  Coil  completed  in  1863. 
Still  preWTTsd  at  MAynooth  College. 

long  Paper  by  Dr.  CaUan  on  the  induction  apparatoa,  deeoribing 
his  latest  researchee,  is  printed  in  the  PhilMophical  Magadne 
for  1857,  Vol.  XIT.,  4th  series,  p.  323.  This  Paper  is  fiill  of 
valuable  suggestions  and  facts. 

A  description  of  the  large  induction  ooil,  and  ezperimenta 
with  it,  will  be  found  in  the  PhilosophuxU  Magtaine  for  June, 
1S63  (Vol.  XXV.,  Series  5,  p.  413).  Dr.  Callan  says  that  about 
three  years  and  a-half  before  the  date  of  writing  he  made  an 
induction  coil  of  considerable  power.  The  secondary  coil  waa 
of  iron  wire,  fTo.  34  gauge,  and  consisted  of  three  parts,  two 
of  which  were  each  about  two  and  a-half  inches,  and  the  third 

•  See  BlectrUian,  Fabruaij  X3, 1891,  Vol.  SXVL,  p.  465. 
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three  inches  long.  The  entire  length  of  the  secondary  coil 
was  about  eight  inches,  and  it  contained  150,000ft.  of 
secondary  wire.  He  used  thin  sheet  gutta-percha  in  insulating 
the  layers  of  wire.  The  primary  coil  was  nearly  three  feet 
long,  and  the  soft  iron  wire  core  three  feet  six  inches  loug. 
This  long  primary  coil  was  probably  intended  to  be  overlaid 
with  more  secondary  wire,  and  as  left  at  Dr.  Gallan's  death 
the  coil  was  incomplete.  With  three  cells  of  the  Maynooth 
battery  this  coil  would  giye  sparks  15in.  in  length. 

Dr.  Callan  discovered  that  an  increase  in  length  in  the 
spark  is  produced  by  connecting  a  large  plate  of  any  metal  to 
the  negative  terminal  of  the  coil,  and  that,  in  order  to  get  the 
longest  spark,  the  outer  end  of  the  secondary  coil  should  be 
positive,  and  the  inner  end  the  negative.  He  states  (see 
Philosophical  Magazine^  June,  1863)  that  when  a  pointed 
wire  is  connected  with  the  positive  end  of  the  secondary  a 
plate  connected  with  the  negative  end  lengthens  the  spark 
considerably,  but  when  the  point  is  connected  to  the  negative 
end  and  the  plate  to  the  positive  one  the  sparks  are  much 
shorter.  Sparks  15in.  long,  when  the  first  arrangement  is 
made,  are  reduced  to  11  in.  with  the  second.  Sparks  did 
not  pass  at  all  between  positive  plate  and  negative  point  until 
the  plate  was  brought  within  eight  and  a-half  inches  from  the 
point. 

A  ball,  three  inches  in  diameter,  connected  to  the  positive 
terminal  shortens  the  spark  as  much  as  a  12-in.  plate.  He 
noted  also  that  sparks  from  a  positive  point  to  a  negative  plate 
never  went  to  the  circumference  of  the  plate,  and  scarcely  ever 
struck  the  plate  at  a  greater  distance  from  the  centre  than  three 
inches.  But  sparks  between  a  negative  point  and  positive  plate 
always  went  to  the  circumference  imtil  the  plate  was  brought  to 
within  two  and  a-hklf  or  three  inches  of  the  point;  even 
when  a  rectangular  plate  20in.  by  28in.  was  used  as  the 
positive  terminal  the  sparks  flew  to  the  edge  of  the  plate. 

§  9.  C.  G.  Page's  Besearches  in  Electro-Magnetism. — ^Very 
nearly  at  the  same  time  that  Prof.  Gallau,  of  Maynooth,  was 
assiduously  engaged  in  England  in  experimental  inquiries  on 
the  induction  coil.  Dr.  C.  G.  Page,  at  Salem  and  at  Washington, 
in  the  United  States,  prosecuted  with  the  jorreateat  z^^nl  and 
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ingenuity  similar  researches  on  the  other  side  of  the  Atlantic; 
Beference  has  already  been  made  to  his  experiments  with  the 
ribbon  coils  of  Henrj,  and  which  are  described  in  SillimarC% 
American  Journal  of  Science^  Vol.  XXXI.,  for  1837,  in  a  Paper 
dated  Salem,  May  11th,  1836,  and  entitled  "Method  of  In- 
creasing Shocks,  and  Experiments  with  Prof.  Henry's  Apparatus 
for  obtaining  Sparks  and  Shocks  from  the  Calorimeter."    In  a 
second  Paper,  dated  April  24,  1837,  Page  describes  the  con- 
struction of  a  large  auto-induction  ribbon  coil,  such  as  has 
already  been  described  in  §  2,  which  he  now  calls  -a  "  Dynamic 
Multiplier."     This  last  coil  consisted  of  a  single  ribbon  of 
copper,  320ft.  in  length  and  one  inch  in  width,  wound  into  a 
flat  spiral,  the  successiye  turns  being  insulated  with  strips  of 
varnished  cotton  cloth.     It  had  ten  mercury  cups  soldered  to 
the    strip    at   various   distances.     With   this  apparatus   he 
repeated  all  his  former  experiments  on  a  larger  scale.     At  this 
stage  Page  made  an  important  contribution  to  the  subject  by 
inventing  various  forms  of  self-acting  contact  breakers  to  inter- 
rupt the  primary  current.     One  of  the  first  of  these  (made  in 
1837)  was  a  copper  spur,  or  star  wheel,  the  points  of  which  just 
dipped  into  mercury  contained  in  a  little  gutter  or  excavation 
in  the  base  board  which  supported  the  wheel.     He  made  this 
self-acting  by  placing  a  horse-shoe  magnet  so  that  its  poles  lay 
on  opposite  sides  of  the  wheel,  as  in  the  experiment  known  as 
Barlow's  revolving  spur  wheel.     The  electro-magnetic  action  of 
the  radial  current  in  the  wheel  on  the  fixed  magnetic  field 
caused  rapid  rotation  of  the  copper  spur  wheel,  and,  hence, 
interruption  of  the  current,  as  the  tips  of  the  stellate  projections 
of  the  wheel  passed  into  and  out  of  the  mercury.     He  found 
this  arrangement  to  answer  well  for  interrupting  a  current 
when  powerful  currents  were  used.    Such  an  arrangement,  how- 
ever, failed  with  feebler  currents,  and  he  accordingly  devised 
a  rocking  magnet  interrupter,  which  he  describes  in  this  same 
Paper,  published  in  1837,  and  which  was  afterwards  reproduced 
almost  identically  by  Golding  Bird  as  his  own  invention  in 
1838  (see  Golding  Bird,  FhiL  Mag,,  Vol.  XII.,  1838).     Page's 
contact  breaker  and  Bird's  reproduction  of  it  consisted  of  a 
small  electro-magnet  {see  Fig.  14)  made  of  a  piece  of  soft  iron 
wire,  one-eighth  of  an  inch  in  diameter  and  three  inches  long, 
wound  over  in  opposite  ways  with   two  separate  insulated 
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wires,  the  ends  of  one  coil  projecting  at  one  end,  and  the  ends 
of  the  second  coil  at  the  other.  This  small  electro-magnet  was 
balanced  beam  fashion  on  pivots,  and  so  arranged  that  the 
projecting  ends  of  the  wires  wound  on  it  could  dip  in  pairs  of 
mercury  cups  at  the  two  ends  of  the  supporting  board,  accord- 
ing as  the  beam  was  tilted  one  way  or  the  other.  A  permanent 
horse-shoe  magnet  was  fixed  so  that  one  end  of  the  beam  elec- 
tro-magnet could  play  between  the  poles.  The  mercury  cups 
on  the  board  were  connected  together,  as  shown  in  the  figure. 
If  a  battery  and  coil  were  connected  in  series  with  one  pair  of 
mercury  cups  at  one  end  of  the  board,  it  is  obvious  that 
matters  could  be  so  arranged  that  the  reversals  of  polarity  of 
the  beam  magnet  as  it  was  caused  to  tip  its  connections  back- 
wards and  forwards  into  one  or  other  set  of  cups,  could  not 
only  maintain  the  rocking  motion,  but  also  interrupt   the 


FiQ.  14. — ^Page'a  Automatic  Contact  Breaker. 

circuit  of  the  coil.  In  the  following  year,  1838,  Page  had 
completed  new  and  more  perfect  induction  coils,  consisting  of 
two  separate  circuits,  a  thick  wire  primary,  and  a  thin  wire 
secondary,  and  he  describes  these  coils  in  a  very  able  Paper, 
published  in  June,  1838,  in  Silliman'a  American  Journal  0/ 
Science,  Vol.  XXXIV.,  July,  1838,  p.  364. 

He  calls  iron  cores  wound  over  with  two  separate  circuits 
"  compound  electro-magnets,"  in  the  use  of  which  phrase  he  fol- 
lowed Prof.  Joseph  Henry.  These  compound  electro-magnets, 
or  induction  coils,  were  made  with  cores,  consisting  of  bundles 
of  fine  soft  iron  wire,  or  strips  of  soft  hoop  iron.  The  cores 
were  either  straight  or  U-shaped.  Dr.  Page  evidently  arrived 
by  independent  investigations  at  a  knowledge  of  the  advantage 
obtained  by  using  such  divided  iron  cores,  but  whether  before 
or  after  Bachhoffner  it  is  impossible  to  say.      Page  himself 
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states  that  he  used  them  before  Februaiy,  1838,  when  Bach- 
hofifner  first  used  them  in  England.  These  compound  magnets 
were,  however,  induction  coils  of  the  form  employed  by  Callan, 
and  by  their  use  Page  obtcdned  visible  sparks  from  the  secon- 
dary circuits,  as  well  as  very  severe  shocks,  and  produced 
secondary  sparks  by  the  help  even  of  a  primary  current  derived 
merely  from  one  or  two  thermo-electric  couples.  In  this  same 
Paper,  Page  describes  a  remarkably  interesting  and  ingenious 
induction  coil  which  he  called  a  ^*  magneto-electric  multiplier." 
He  arrived  by  experiment  at  the  conclusion  that  when  an 
armature  of  soft  iron  was  applied  to  one  of  his  U-shaped  com- 
pound magnets,  the  induction,  as  we  now  call  it,  through  the 


Fig.  15.— Page's  "  Magneto-Electric  Multiplier." 

secondary  circuit  for  a  given  current  strength  in  the  primary, 
was  much  greater  than  when  the  armature  was  not  present.  Also 
that  the  depolarising  power  of  the  magnet  was  much  greater 
when  the  armature  was  removed,  so  as  to  break  the  magnetic 
circuit.  Hence  it  occurred  to  him  that  if  he  could  first  of  all 
make  his  iron  core  a  closed  magnetic  circuit  h€f<yre  starting  the 
primary  current,  and  then  break  the  primary  circuit  and  open  the 
magnetic  circuit  by  detaching  the  armature  directly  afterwards, 
the  combination  of  these  two  actions  would  put  in  and  take  out 
of  the  secondary  circuit  many  more  lines  of  force  in  the  same 
time,  and  hence  produce  a  greater  electromotive  force  in  the 
secondary  circuit  than  if  the  primary  circuit  of  a  straight  coil 
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were  simply  opened  and  closed.  This  reasoning  shows  that  at 
this  date  Page  had  acquired  a  great  grasp  of  the  true  principles 
of  electro-magnetisuL  The  apparatus  with  which  he  put  his 
ideas  to  the  test  is  shown  in  Fig.  15.  It  consisted  of  a  horse- 
shoe shaped  induction  coil,  or  a  U-shaped  compound  magnet, 
the  core  being  made  of  500  soft  iron  wires,  12  inches  long,  and 
bent  into  the  shape  of  a  U.  The  primary  coil  consisted  of  five 
layers  of  No.  16  copper  wire,  and  the  secondary  of  seven  layers 
of  No.  26  copper  wire,  both  being  well  insulated.  This  horse- 
shoe magnet  was  fixed  on  a  wood  block,  so  that  its  poles  pro- 
jected horizontally,  and  a  soft  iron  armature  fixed  to  a  spindle, 
so  adjusted  that  it  could  revolve  in  front  of  the  poles.  This 
spindle  also  carried  a  cylindrical  wooden  piece,  having  brass 
strips  on  parts  of  its  circumference,  and  which  had  contacts 
made  against  it  by  a  couple  of  brass  springs.  This  was  the 
primary  current  contact-breaker.  By  shifting  the  angular  posi- 
tion of  this  cylinder  relatively  to  the  armature,  it  was  possible 
to  break  the  primary  circuit  at  an  instant  corresponding  to  any 
defined  position  of  the  soft  iron  armature.  It  was  normally  set 
so  as  to  break  the  circuit  of  the  primary  current  when  the  soft 
iron  armature  was  just  leaving  the  position  in  which  it  magne- 
tically completed  the  iron  circuit  of  the  magnet.  Hence  the 
primary  electric  circuit  and  the  magnetic  circuit  were  opened, 
one  immediately  after  the  other.  The  result  was  a  very  con- 
siderably greater  production  of  electromotive  force  in  the 
secondary  circuit.  Page  got  brilliant  sparks  from  the  ends  of 
the  secondaiy  circuit  of  this  coil,  and  unbearably  severe  shocks. 
He  was  also  able  to  get  a  small  arc  when  carbon  points  were 
used  as  terminals  for  the  secondary,  and  he  found  the  tension 
at  the  ends  of  the  secondary  was  great  enough  to  enable  him 
to  charge  a  Leyden  jar.  The  same  Paper  which  contains  the 
description  of  this  '*  electro-magnetic  multiplier  "  also  contains 
some  very  clear  remarks  on  the  use  of  divided  iron  cores,  and 
on  the  magnetism  of  soft  iron.  Page  employed  sometimes 
oores  made  of  veiy  soft  hoop  iron,  wrapped  together,  in  making 
his  compound  magnets  or  induction  coils.  He  knew  very  well 
that  soft  iron  is  capable  of  retaining  a  considerable  amount  o£ 
magnetism,  provided  it  is  not  shaken  or  twisted.  He  illustrates 
this  by  an  experiment  in  which  a  very  soft  iron  wire  was 
magnetised  by  being  drawn  once  across  the  poles  of  a  permanent 
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magnet.  It  contains  a  considerable  amount  of  magnetism  if 
handled  gently,  and  will  lift  up  another  piece  of  soft  iron  wire 
equal  to  itself  in  weight.  If,  however,  it  is  given  a  flip  with 
the  finger  and  thumb,  it  immediately  loses  nearly  all  its 
magnetism.  Page  also  was  aware  of  the  depolarising  effect 
which  a  number  of  magnetic  filaments,  such  as  magnetised  soft 
iron  wires,  exert  on  one  another  when  bound  into  a  bundle 
with  similar  poles  adjacent.  On  this  account,  he  says,  a  bundle 
of  fine  steel  wires  will  act  almost  as  well  as  a  bundle  of  fine 
soft  iron  wires  when  used  as  a  core  for  an  induction  coil.  Page 
proceeded  still  more  to  improve  the  coil,  and  in  Silliman*& 


Fio.  16.— Page's  Induction  CoU  (1838). 

American  Journal  of  Science^  Vol.  XXXV.,  1839,  he  communis 
cates  another  Paper,  dated  from  Washington,  Nov.  13,  1838,  in> 
which  he  describes  a  large  induction  coil  closely  resembling 
modem  models.  This  last  coil  had  a  straight  core  consisting  of 
a  bundle  of  soft  iron  wires,  and  the  coil  wires  were  wound  on  a^ 
bobbin,  having  wooden  cheeks.  The  primary  wire  was  a  thick 
copper  wire,  and  the  secondary  a  very  fine  copper  wire.  This 
coil  was  provided  with  an  automatic  hammer  break  which  broke 
and  made  a  mercury  contact  (see  Fig.  16).  The  hammer  head 
was  a  ball  of  soft  iron,  which  was  operated  by  the  magnetism 
of  the  core.  The  hammer  head  was  prevented  from  sticking 
to  the  end  of  the  core  when  attached  by  the  interposition  ol 
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a  small  piece  of  brass.  The  yibrations  of  the  hammer  worked 
a  mercury  cup  break  placed  on  the  coil  and  which  interrupted 
the  primary  currents.  Page  noted  the  fact  that  the  defla- 
gration of  the  mercury  at  the  point  of  break  had  the  effect  of 
prolonging  the  contact  because  the  primary  current  continued 
to  flow  in  the  mercurial  vapour.  Hence,  it  occurred  to  him  to 
prevent  this  by  putting  oil  or  alcohol  on  the  top  of  the  mercury 
to  quench  the  spark  and  increase  the  suddenness  of  the  break. 
This  device  was  revived  many  years  after  by  other  inventors. 


FiQ.  16A.—Abbot's  Induction  CoU  (1840). 


particularly  by  Foucault,  but  it  seems  first  to  have  been  used  by 
Page,  in  1838.  In  this  memoir  Page  made  some  very  excellent 
remarks  upon  the  action  of  "  closed  circuits  "  in  preventing  or 
reducing  the  inductive  action  of  the  primary  current  upon  the 
secondary  circuit.  He  states  that  if  a  closed  circuit,  such  as  a 
metallic  sheath  or  tube,  is  interposed  between  the  primary  or 
secondary  circuits,  it  more  or  less  annuls  the  inductive  action 
of  the  former  on  the  latter.  He  hence  notes  that  wrapping, 
what  he  calls  a  "  compound  magnet,"  t.^.,  an  induction  coil  with 
two  separate  circuits,  in  a  metallic  sheath,  greatly  reduces  the 
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inductive  action  of  the  primary  on  the  secondary,  although  it 
does  not  prevent  the  action  of  the  primaxy  circuit  in  permanently 
magnetising  the  core.  The  same  action  he  points  out  proves 
prejudicial  if  bobbins,  made  of  metal,  or  having  metal  cheeks, 
are  used  upon  which  to  wind  the  circuits  of  the  coil.  Hence, 
bobbins  for  induction  coils  should  be  made  entirely  of  non- 
conducting material. 

We  also  find  that  in  1840,  J.  H.  Abbot,  of  Boston,  U.S.A., 
oonstruoted  a  large  induction  coil  (see  Silliman^s  American 
Journal  of  Science^  Vol.  XL.,  April,  1841,  p.  107),  which  was 
capable  of  charging  a  Leyden  jar,  and  which  gave  small 
secondary  sparks.  The  break  was  a  hand-worked  break  {see 
Fig.  16a).  The  secondary  terminals  were  described  as  being 
luminous  in  the  dark  when  the  coil  was  in  action.  This  coil 
was  modelled  on  Page's. 

It  is  evident  from  the  foregoing  that,  even  in  the  year  1838, 
•G.  G.  Page  had  brought  the  induction  coil  to  a  high  degree  of 
perfection  by  his  researches  made  at  Salem  and  at  Washington, 
and  in  particular  had  shown  that  the  secondary  circuit  could 
exhibit  effects  of  "  tension  "  and  produce  electrostatic  change 
in  conductors  having  capacity  connected  with  them  when 
induction  coils  were  used  in  which  the  secondary  currents  con- 
sisted of  great  lengths  of  fine  wire.  He  had  obtained  sparks 
in  air  from  the  secondary  terminals  of  coils,  and  shown  the 
conditions  under  which  these  "  electrostatic  "  efiects  could  be 
•exalted.  We  must  also  credit  him  with  being  an  independent 
inventor  of  the  self-acting  hammer  electro-maguctic  contact 
breaker. 

Continuing  his  researches,  Page  made  many  coils  between 
1838  and  1850,  having  highly  insulated  secondary  circuits  and 
vibrating  automatic  contact  breakers.  He  found,  as  above 
observed,  that  he  could  charge  Leyden  jars,  diverge  the  gold 
leaves  of  electroscopes,  and  produce  many  of  the  effects  hitherto 
only  obtained  with  electrostatic  machines  by  means  of  these 
induction  coils.  With  one  of  his  coils  he  found  he  could  obtain 
sparks  half  an  inch  long  in  air  from  the  secondary  terminals. 
He  noted,  also,  the  effect  of  rarefying  the  air  round  these 
terminals  on  the  length  of  discharge.  With  one  coil,  which 
gave  a  secondary  spark  of  xs^th  of  an  inch  in  air,  he  obtained  a 
discharge  of  about  4^  inches  in  rarefied  air,  when  the  primary 
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it  circuit  was  actuated  by  one  single  Grove's  celL    In  1850  Page 

Ij   I       constructed  a  very  large  coil,  of  which  the  primary  circuit  was- 

es    ,'       a  wire  or  ribbon  of  copper,  one  quarter  of  an  inch  in  diameter. 

:s,    :       This  coil,  when  worked  by  100  Grove's  cells,  gave  sparks  from 

e,    '        the  secondary  circuit  8  inches  in  length. 

1-  One  striking  peculiarity  about    this    lai^e    primary    coil 

attracted  Dr.  Page's  notice.    When  a  solid  iron  core  was  put 

.,  into  this  great  helix  the  primary  current  took  a  very  sensible 

I    •         fraction  of  a  second  to  rise  to  its  full  value ;  from  t^th  to  two 

i  seconds,  according  to  the  position  of  the  iron  core.       Page 

also  noted  a  phenomenon,  afterwards  recorded  by  Rhyke  in 

1855,  viz.,  that  when  the  primary  circuit  was  broken  just 

j  between  the  poles  of  a  powerful  magnet  the  break-spark  was 

extinguished  with  a  loud  explosion,  like  that  of  a  pistol  when 

'  fired.* 

§  10.  Wagner  and  Neers  Automatic  Oontact  Breaker. — 
Continental  writers  generally  attribute  the  invention  of  the 
automatic  vibrating  electro-magnetic  contact  breaker  to  J.  P. 
Wagnerf  and  to  Neef.^  These  inventors  improved  upon  Page's 
mercurial  break  by  constructing  the  vibrating  armature  with 
platinum  contacts  in  the  form  in  which  it  is  now  used  in  every 
trembling  electric  bell.  The  apparatus  is  too  well  known  to 
need  description.  A  form  of  Wagner's  hammer,  as  it  is  gene- 
rally called,  is  shown  in  Fig.  17,  intended  as  an  interrupter 
to  the  primary  circuit  of  a  coil.  Du  Moncel,  however, 
states  that  MacGauley,  of  Dublin,  independently  invented  the 
form  of  hammer  contact  as  now  used.  From  this  date  onwards- 
it  has  generally  been  the  custom  to  interrupt  the  primary 
circuit  of  an  induction  coil,  if  small,  in  the  manner  introduced 
by  Page  in  1838,  viz.,  employing  the  intermittent  magnetism 

*  The  greater  part  of  Dr.  C.  G.  Page's  valuable  work  is  recorded  in  his 
own  Papers,  published  in  Silliman^s  Ameriean  Joinmal  of  Science  between 
1834  and  1850.  He  published  in  1867  a  brochure  entitled  the  Hietory  of 
Induetion,  which  is  adluded  to  by  Da  Monoel  in  his  work  (Vol.  XL)  EoDpoii 
d€»  Appilieatumi  de  VEUet/rieUij  but  this  pamphlet  of  Page's  is  not  to  be 
found  either  in  the  British  Museum  Library  or  in  the  English  Patent 
OfBce  library. 

t  See  Pogg,  AwnaUn,  YoL  XLVL,  p.  107, 1839  ;  t  and  Pogg.  Annalen, 
VoL  XLVL,  p.  104, 1839 ;  and  compare  Wiedemann's  Oalvanitmue,  §§  69& 
and  737. 
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of  tha  soft  iron  core  of  the  coil  to  work  the  vibratjog  hammer 
of  the  break,  Qaing,  bowever,  the  platinum  oontacts  of 
MaoGauley  or  Wagner  instead  of  Page's  mercurial  oup.  On 
the  other  band,  vhea  the  coil  is  large,  the  break  is  usually 
made  as  a  separate  piece  of  apparatus  with  independent  magnet, 
and  in  that  case  it  is  often  found  best  to  revert  to  the  mercniy 
cup  break  of  Page,  and  cover,  as  he  did,  the  surface  of  the  mer- 
cury with  oil  or  alcohol  to  {ffevent  oxidation,  as  was  done 
subsequently  by  Buhmkcrff  and  others.  As  is  usually  the 
ease,  useful  improvements  are  invented  several  times  over  by 
inventors  who  Eire  not  familiar  with  what  has  already  been 
done.       We  find  in  Sturgeim's  Annals  0/  EUctncity,  VoL  V., 


Fin.  17.— Wtgner'a  Autonuitic  Contact  Bruker. 

p.  30,  a  description  of  a  ooil  by  Thomas  Wright,  of  Enutsford, 
dated  1610,  in  which  he  gives  a  sketch  of  a  neat  form  of  vibrat- 
ing contact-breaker  {»m  Figs.  18  and  19),  which  is  practically  the 
same  aa  that  used  on  all  small  coils  at  present.  Wright 
followed  Neef  and  Wagner  in  suggesting  that  the  contact  points 
should  be  tipped  with  platinum.  He  succeeded  in  nuking 
some  "  electrotomes,"  as  they  were  called,  in  which  the  spring 
vibrated  so  fast  as  to  give  out  a  musical  note.  Wright  also 
gives  details  of  many  ooils  made  by  him  about  this  time  to 
determine  the  beet  dimensioos  of  the  core  and  of  the  circuits.  It 
will  be  seen  that  by  the  year  1840  the  induction  coil  had  been 
practically  completed  in  all  essential  parts,  with  the  exoep- 
tion  of  the  condenser.     The  separate  primary  and  secondary 


INDUCTION  COIL  AND  TKANSFORUBS.  SI 

circaits  of  thick  and  thin  wire,  tlie  divided  iroD  core  and  the 
vibrating  contact  breaker  had  beea  arrrived  at  and  perfected ; 


Fia.  18.— Wriglit'e  Coil  wul  Contact  Breaker, 


Plo.  19.— Wright's  Contact  Brea](«r. 

ehiefl;  bj  the  inTeetigations  of  Callan,  C.  Q.  Page,  Stnrgeon, 
Bacbhofiiier,  Wagner,  and  Neef, 
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§  IL  The  Researches  of  Masson  and  Bregnet. — ^Between 
1838  and  1842  the  French  physicists,  MM.  Masson  and 
Breguet,  prosecuted  researches  of  a  valuable  character  on  the 
induction  of  electric  currents.  In  the  Annates  de  Chimie  et 
de  Physique  (3rd  Series,  Vol.  IV.,  1842,  page  129)  will  be 
found  a  long  memoir,  summing  up  the  results  of  their  work, 
which  was  communicated  to  the  Academy  of  Sciences  on 
August  23rd,  1841. 

This  Paper  contains  an  account  of  very  careful  experiments- 
on  the  production  of  electrostatic  effects  by  secondary  induced 
currents.  In  their  investigations,  Masson  and  Breguet  em- 
ployed a  toothed  wheel  interrupter,  or  rheotrope,  consisting 
of  a  brass  toothed  wheel  having  the  teeth  interspaces  filled  up 
with  wood  or  ivory;  one  or  more  such  wheels  could  be  revolved 
on  the  same  axis,  and,  by  means  of  springs  pressing  against 
the  periphery  of  the  wheels,  the  primary  current  could  be 
broken,  and  the  secondary  circuit  closed  at  instants  corre- 
sponding to  the  closing  or  opening  of  the  primary  circuit. 

By  the  help  of  this  apparatus  they  could  separate  out  the 
two  induced  currents,  and  by  means  of  a  condenser  and  electro- 
scope they  examined  the  electrostatic  potential  at  various  points 
on  the  secondary  circuit,  ^ot  being  aware  of  the  previous 
researches  of  Page,  these  investigators  were  apparently  under 
the  impression  that  *they  were  the  first  to  show  that  a  con- 
denser could  be  charged  from  the  ends  of  the  secondary  circuit. 
Transforming,,  as  they  called  it,  induced  currents  into  static 
electricity,  they  produced  luminous  discharges  in  vacuo  by 
means  of  induced  currents,  and  showed  that  these  dischargea 
bad  all  the  characters  of  discharges  produced  by  electrical 
machines  or  Leyden  jars.  These  results  surprised  European 
physicists,  who,  as  Du  Moncel  observes,  were  apparently  not 
aware  that  similar  experiments  had  already  been  conducted  in 
America.  Amongst  the  chief  results  of  this  investigation  was 
the  experimental  confirmation  of  the  fact  that  the  two  secondary 
induced  currents,  the  one  produced  by  the  commencement  of 
the  primary  current,  and  the  other  produced  by  its  cessation, 
consisted  of  equal  quantities  of  electricity  set  flowing  in 
opposite  directions.  Also  the  other  important  fact  that  the 
maximum  value  of  the  electromotive  force  of  the  secondary 
current  at  break  of  the  primary  is  much  greater  than  the 
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BMiiimnm  value  of  the  secondary  currant  at  the  startuig  of 
the  primairf,  was  stated  by  them.  Henoe  it  became  dear  that 
tlie  direct  or  break-induced  secondary  current  could  traverse 
air  spaces  or  overcome  resistance  vbich  was  impossible  in  the 
OBse  of  the  inverse  or  make-induced  current.  The  researches 
of  Masson  and  Breguet  eBtabliahed  on  a  quantitative  basis 
more  firmly  than  before  the  facts  cJ  the  induction  of  electric 
Qurrenta,  but  they  did  not  achieve  more  than  had  previously  been 
done  in  exalting  the  spark-producing  power  of  secondary  ooila, 

g  12.  Henley's  Odl. — In  the  years  between  1842  and  1851 
veiy  little  progress  appears  to  have  been  made  in  improving 


mduotion  ooils.  Some  modifications  of  arraogement  tither  of 
the  ooil  OT  the  contact  breaker  were  introduced.  To  this  period, 
probably,  belong  two  such  varieties  which  are  mentioned  and 
desoribed  by  Noad  (Manval  of  EUetriaty,  ToL  II.).  One 
(tf  these  is  re|«esented  in  Fig.  20.  ^e  primaiy  ooil  consisted 
of  about  35ft.  of  insulated  copper  wire  (No.  21),  and  the 
secondary  of  1,400ft.  of  ailk'Oovered  copper  wire  (No.  20). 
The  battery  contact  is  renewed  and  broken  by  the  rotation  of 
the  wcAt  iron  bar,  which,  mounted  between  two  brass  supports, 
is  ntuated  inunedlately  over  the  axis  of  the  ooil,  in  which  is 
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placed  a  bundle  of  iron  wirea.  The  current  from  the  battery 
passes  through  the  support  and  the  axis  caRjing  the  inm  bar ; 
and  the  contact  is  interrupted  by  the  small  steel  point,  dipping 
as  the  bar  reToIves  into  and  out  of  the  mercury  contained  in  tbe 
brass  cap  mounted  on  the  brass  pillar,  through  vhich  tbe 
drcuit  is  complete.  This  apparatus  formed  a  self-acting  shock- 
ing coil,  but  could  produce  no  sparks  from  the  seooadiuy. 
Noad  describes  also  an  interesting  form  of  coil  vhich  bean 


Fill.  21.— Henl^'a  Induction  CmL 

MHne  relation  to  Page's  eleotro-magnetio  multiplier,  and  wfaioh, 
Noad  aajB,  was  given  to  him  by  Ur.  W.  T.  Henley.  It  is  repre- 
sented in  Fig.  21.  A  series  of  U-shaped  bars  of  soft  iron  bolted 
down  to  a  base  board  was  wound  with  four  ooils  of  STo.  11 
oorered  copper  wire,  to  within  an  inch  of  either  extremity. 
Over  this  was  wound  1,000  yards  of  No.  3i  wlk-oovered 
wire  in  one  continuous  length.  A  revolving  iron  armature 
rotatcB  on  a  vertical  spindle^  bo  that  in  passing  over  the 
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magnetic  poles  it  nearly  completes  the  magnetic  ciroait.  The 
contact  breaker  consists  of  a  bent  lever,  one  end  of  which  dips 
in  a  mercury  onp  and  is  so  pivoted  that  the  motion  of  the 
other  end  against  the  undulating  surface  of  a  cam-wheel 
attached  to  the  spindle  serves  to  dip  the  first-named  end  in  and 
OQt  of  the  mercury.  The  break  of  the  primaiy  circuit  is  so 
adjusted  as  to  take  place  just  after  the  soft  iron  armature  has 
completed  the  magnetic  circuit.  Actuated  with  a  battery  of 
10  cells  this  coil  gave  sparks  one-eighth  of  an  inch  long  in  air, 
and  remarkable  for  their  quantity.  It  is  easily  seen  tiiat  the 
appliance  is,  at  the  same  time,  an  induction  coil  and  also  an 
dectro-magnetic  motor,  and  that  a  suitable  arrangement  of 
the  time  of  making  and  breaking  the  primary  circuit  will  cause 
the  soft  iron  armature  to  be  kept  continuously  in  motion*  It 
▼as  noted  as  a  curious  fact  that  when  the  ends  of  the  secondary 
dicnit  were  metallically  joined  the  spark  at  the  primary  break 
was  much  reduced.  This  is  obviously  due  to  the  fact  that  the 
closing  of  the  secondary  circuit  reduces  the  self-induction  of 
the  primary  coil.  These  pieces  of  apparatus  formed  no  real 
advance  on  what  had  been  done  before. 

§  13.  BuhmkorfTs  Induction  Coils.— In  1851,  M.  Ruhmkorfif, 
a  skilful  mechanician  in  Paris,  profiting  by  the  experiments  of 
Masson  and  Breguet,  and  probably  not  aware  of  the  researches 
of  Gallan  and  Page,  addressed  himself  to  the  problem  of  in- 
creasing the  spark-producing  power  of  the  induction  coil,  with 
the  object  of  exalting  the  electrostatic  efiects  which  Masson 
and  Breguet  had  produced.  He  paid  the  greatest  attention  to 
the  insulation  of  the  secondary  coil,  insulating  the  covered 
wire  by  passing  it  through  melted  shellac,  and  separating 
each  layer  of  wire  from  the  next  by  means  of  varnished  silk 
or  shellaced  paper.  He  greatly  lengthened  the  secondary  cir- 
coit,  employing  in  some  coils  five  or  six  miles  of  secondary 
whre,  and  he  insulated  with  care  the  primary  from  the 
aecondary  circuit  by  employing  a  glass  tube  on  which  to  wind 
the  secondary  circuit,  and  glass  cheeks  to  preserve  the  wire 
in  place  at  the  ends.  He  also  supported  the  ends  of  the 
secondary  wire  on  glass  pillars.  He  provided,  also,  a  simple 
form  of  current-reverser  to  change  the  direction  of  the 
primary  circuit,   and    greatly  improved   the    action  of   the 
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.  vibratiDg  hammer  interrupter.  The  greatest  service  was^ 
however,  rendered  by  Fizeau  by  his  application  of  the  condenser 
(CompUs  Bendui,  1853,  Vol.  XXXYI.,  p.  418),  and  Ruhmkorff 
carefully  studied  the  appropriate  dimensions  of  the  condenser. 
This  condenser  he  made  at  first  of  a  sheet  of  oiled  silk,  covered 
on  both  sides  with  tinfoil ;  later  he  employed  sheets  of  well- 
selected  paper,  carefully  varnished,  and  coated  with  tinfoil  on 
each  side.  This  condenser  was  placed  in  the  base  of  the 
induction  coil,  and  the  two  terminals  of  the  condenser  con- 
nected to  the  two  opposite  sides  of  the  ''  break  "  points.  The 
condenser  was  made  by  varnishing  close-grained  but  thin> 
paper  with  shellac  varnish.  Each  sheet  was  then  examined 
for  defects.  A  number  of  sheets  of  tinfoil  were  cut,  eacb 
somewhat  less  in  size  than  the  sheets  of  varnished  paper. 
A  pile  was  made  by  building  up  alternate  sheets  of  paper 
and  tinfoil,  placing  each  alternate  sheet  of  tinfoil  so  as  to* 
protrude  from  the  paper  pile  on  opposite  sides.  The  pile 
was  then  compressed,  and  all  the  tinfoil  sheets  on  one  side 
connected  together,  and  also  those  on  the  other.  Hence  the 
arrangement  formed  a  compact  kind  of  Leyden  jar,  of  which 
one  set  of  tinfoil  sheets  formed  the  '^  outside "  and  the  other 
set  the  inside  surfaces,  the  varnished  paper  being  the  dielectric* 
In  the  larger  sized  coils  Ruhmkorff  found  it  convenient  to 
revert  to  the  mercury-break  of  Page,  and  this  was  modified 
and  re-invented  by  Foucault,  who  again  suggested  the  advan- 
tages of  making  a  break  by  withdrawing  a  steel  or  platinum. 

*  The  theory  of  the  action  of  the  coadenaer  has  been  discussed  in. 
VoL  I.  AUemaU  Current  Trantformer,  §  7,  Chap.  V.  When  the  contact 
breaker  is  provided  with  a  condenser  whose  opposite  surfaces  are  connected 
to  the  two  sides  of  the  break  points,  there  are  two  distinct  kinds  of  sparks 
observable  at  the  break.  There  is  first  the  spark  at  ''brsak,"  due  to- 
the  self-induction  of  the  primary  circuit,  and  there  is  the  spark  at  "  make/*' 
due  to  the  discharge  of  the  condenser.  Rijke  made  the  observation  that 
the  condenser  is  more  efifeotive  in  lengthening  the  eecondaiy  spark  of  the 
coil  when  the  break  points,  or  points  of  contact^  are  of  gold,  copper,  or 
silver,  than  if  they  are  of  platmum.  The  discharge  spark  of  the  condenser, 
when  a  too  small  condenser  is  employed,  is  very  bright  and  hot,  and  some- 
times  welds  together  the  platinum  contact  points.  The  remedy  for  this 
accident  when  it  occurs  is  to  employ  a  condenser  of  larger  capacity.  Callan 
(PhU,  Mag.  [4]  Yol.  XIV.,  p.  337, 1857)  suggested  the  employment  of  amal. 
gamated  copper  contacts  for  the  break,  working  in  or  smeared  with  oil  Uk 
prevent  oxidation  and  increase  the  suddenness  of  the  break. 
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point  from  a  mercury  surface,  covered  with  alcohol  or  oiL 
Aided  thus  by  Fizeau  and  Foucault,  Ruhmkorff  produced  in- 
duction coils  which  enabled  him  to  obtain  secondary  sparks 
several  centimetres  in  length.  It  was,  however,  found  that 
the  tendency  to  internal  sparking,  and  to  rupture  of  the  in- 
sulation of  the  secondary  circuit,  became  very  great  when  the 
coils  were  enlarged  beyond  a  moderate  size.  In  his  later  coils, 
after  1855,  Ruhmkorff  adopted  a  mode  of  construction  which 
was  suggested  by  Poggendorfi^  Stohrer,  and  TAbb^  de  la  Borde, 
about  1854,  viz.,  to  wind  the  coil  in  sections  so  that  no  two 
portions  of  the  wire  which  are  closely  adjacent  are  at  very 
different  potembials.  When  a  coil  is  built  up  by  winding  layer 
over  layer  in  the  ordinary  manner,  the  ends  of  the  layers  of  wire, 
and  particularly  the  similar  ends  of  the  first  and  last  layers, 
are  at  very  different  potentials,  and  there  is  a  great  tendency 
for  the  discharge  to  pass  between  these  points.  In  fact  the. 
sparking  distance  of  the  coil  is  limited  by  the  distance  of  these 
portions  of  the  wire.  Under  these  conditions  internal  sparks 
were  found  to  pass  and  to  break  down  the  insulation  of  the 
secondary  circuit.  The  suggestion  to  wind  the  wire  in  separate 
partitions  originally  came  from  the  English  electricianSi 
Edward  and  Charles  Bright,  who,  in  a  patent  taken  out  in 
1852,*  describe  a  method  of  thus  winding- electro-magnets,  and 
in  their  fourteenth  clause  say,  "The  manner  in  which  our 
fourteenth  improvement  may  be  carried  into  effect  is  as  follows : 
— ^It  is  well  known  that  the  ordinary  mode  of  winding  the  wire 
on  coils  is  to  wind  it  backwards  and  forwards  upon  the  core. 
Our  improved  plan  is  to  divide  the  core  lengthways  into  com- 
partments, by  means  of  separating  pieces  fastened  to  the  body 
of  the  coil,  before  winding  and  dividing  the  coil  into  compart- 
ments. In  winding  the  wire,  one  end  compartment  is  filled, 
and  then  the  next,  and  so  on."  In  adopting  this  method  of 
winding,  the  flat  coils  of  wire  can  be  wound  independently, 
and  are  then  so  joined  up  that  the  outside  end  of  the  wire  on 
one  09il  is  joined  to  the  outside  end  of  the  wire  of  the  next 
compartment,  and  yet  the  winding  follows  the  same  direction 
in  each  bobbin  or  separate  flat  coil.  Hence  no  two  portions 
of  the  wire  at  very  different  potentials  are  very  close  to  each 
other,  or,  if  they  are,  they  are  well  insulated. 

•  British  Specification,  No.  14,331,  of  1852. 
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One  of  BuhmkorfF'B  largest  ooila  made  about  1867  was 
62  centimetres  in  length,  and  the  secondaiy  circuit  waa  divided 
into  80  flat  ooila  or  partitions,  each  oampartm«nt  being 
occupied  with  five  or  aiz  spirals — that  ig^  being  of  a  width 
equal  to  five  or  six  timee  the  diameter  of  the  covered  wire. 
The  secondary  circuit  congisted  of  copper  wire  one-tenth  of  a 
millimetre  in  diameter,  and  100,000  metres,  or  62  miles,  iu 
length.  The  different  oompartments  of  the  secondary  circuit 
were  insulated  from  one  another  with  shellaced  paper  or  vav- 


Fio.  22.— RuhmkorfTi  ICercurial  Break. 

nished  ulk,  and  the  different  layers  of  wire  in  each  compart- 
ment also  insulated  with  shellac  The  secondary  circuit  was 
wound  upon  a  tube  of  glass  as  a  support  The  condenser 
employed  with  this  coil  was  formed  of  100  sheets  of  tin  of  a 
length  of  50  centimetres  and  a  breadth  of  26  centimetres, 
insulated  with  paper  covered  with  shellac,  and  formed  a  con- 
denser having  a  total  surface  of  about  12  square  metres.  The 
primaiy  wire  in  this  coil  had  a  thicknesa  of  about  three 
millimetres.     This  coil  could  give  sparks  40   centimetres   in 
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length  between  the  ends  of  the  secondary  circuit.  The  coU 
was  usually  worked  by  the  current  from  six  large  Bunsen  cells. 
For  such  large  coils  Ruhmkorff  and  Foucault  found  the 
hammer-break  with  platinum  contacts  quite  unsuitable,  since 
the  contact  points  are  rapidly  burnt  away  by  the  spark  at 
*' break,"  due  to  the  self-induction  of  the  primary  circuit,  and 
hy  the  additional  spark  at  "make"  of  the  contact,  due  to 
the  discharge  of  the  condenser.  Hence  they  revived  and  im- 
proved the  mercury  break,  covering  the  surface  of  the  mercury 
with  alcohol,  and  breaking  the  primary  circuit  (see  Fig.  22) 
by  a  platinum  point  automatically  lifted  out  of  the 
mercury.* 

§13a.  Improvements  on  BuhmkorfTs  Ooila  — Buhmkorff 
succeeded  in  producing  induction  coils  capable  of  giving  very 
long  sparks  from  the  secondary  circuit,  but  the  insulation  of 
these  coils  was  not  always  found  to  be  permanent.  Du  Moncel 
tells  us  that  Fizeau,  in  endeavouring  to  join  up  several  Ruhm- 
korff coils  with  the  secondary  circuits  in  series,  felt  severely  the 
need  for  better  insulation,  and  that  M.  Jean,  a  simple  amateur 
mechanician  in  Paris,  solved  the  problem,  in  1854,  by  plunging 
the  whole  coil  beneath  the  surface  of  a  liquid  insulator,  viz., 
oil  of  turpentine ;  and  by  constructing  coils  in  this  manner, 
insulated  with  a  fluid  insulation,  Jean  succeeded  in  getting 
sparks  of  30  centimetres  in  length  at  a  time  when  no  one,  at 
least  in  France,  had  approached  this  length.!  Du  Moncel  says 
that  these  experiments  of  Jean  were  neglected  or  lost  sight  of, 
and  that  Euhmkorff  finally  succeeded  in  obtaining  sparks  of 
60  centimetres  in  length  by  building  up  the  coil  in  sections. 

*  Foucault,  Cfomptes  Rendut,  Vol.  XLIIL,  p.  44, 1856. 

t  Jean's  experiments  are  recorded  in  the  Comptes  JUndui,  YoL  XLYL, 
p.  186, 1858.  It  is  curious  to  observe  that  Du  Moncel  naturally  claims 
priority  for  his  countryman  Jean  with  respect  to  this  suggestion,  to  immerse 
the  whole  induction  ooU  in  oil  or  insulating  fluid  to  obtain  higher  insulatioo, 
whilst  Wiedemann  (see  OalvanUmut,  §  911)  claims  for  Poggendorff  the 
origination  of  the  idea.  Modern  inventors  have  again  become  alive  to  the 
value  of  this  suggestion,  and  patents  have  been  taken  out  for  immersing 
alternate  current  transformers  in  oil  as  a  means  of  increasing  the  insula- 
tion. Mr.  Brooks  of  late  years  has  especially  drawn  attention  to  the  use 
of  certain  oils  as  insulators  and  to  the  practical  employment  of  them  in 
cables  for  high  pressure  currents. 
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Jean's  ooils  were  built  up  as  follows :  The  primaiy  wire  oon* 
sisted  of  four  layers  of  wire  and  the  secondary  circuit  of  50 
layers.  The  primary  wire  had  a  thickness  of  1}  millimetres 
and  the  secondary  '25  millimetre.  The  different  layers  of 
the  primary  and  secondary  were  separated  from  each  other  by 
well-dried  blotting  paper.  The  whole  coil  was  placed  in  a 
glass  vase  and  filled  up  with  oil  of  turpentine.  The  ends  of 
the  secondary  wire  where  they  emerged  from  the  liquid  were 
passed  through  glass  tubes.  The  whole  coil  was  baked  and 
dried  to  eradicate  moisture  previous  to  immersion  in  the 
insulating  liquid.  M.  Jean  even  performed  this  desiccation  in 
a  vacuum,  and,  by  taking  the  greatest  pains  to  avoid  contact  of 
air  after  and  during  this  drying  process  previous  to  placing  it 
in  the  liquid,  he  obtained  very  extraordinary  insulation.  There 
can  be  little  question  that  M.  Jean  was  here  on  the  right 
track,  and  that  this  liquid  insulation  had  many  important 
advantages. 

§  14.  Poggendorff '8  Besearches  on  Induction  Apparatus. — 

In  the  PMloBophiccU  Magazine  for  July,  1855,  is  to  be  found 
a  long  Paper  by  Poggendorff,  giving  an  account  of  his  re- 
searches and  suggestions  with  regard  to  the  induction  appa- 
ratus of  Ruhmkorff.  He  begins  by  criticising  the  construction 
adopted  by  Ruhmkorff,  as  illustrated  by  one  of  his  coils  in  the 
physical  laboratory  of  the  University  of  Berlin,  and  points  out 
in  the  first  place  the  defect  we  have  already  referred  to  in  the 
original  manner  of  winding  the  coil,  and  the  advantages  to  be 
derived  from  winding  the  secondary  coil  in  sections.  With 
respect  to  the  insulation  of  the  wire,  he  advises,  instead  of 
shellac  dissolved  in  alcohol,  the  use  of  an  easily  fusible 
insulator,  such  as  spermaceti,  or  a  mixture  of  wax  and  oil,  oi 
paraflSn  wax,  or,  better  still,  the  use  of  di  fluid  insulator,  such  as 
vegetable  oil,  or  oil  of  turpentine,  so  that  permanent  defects  oi 
insulation  could  not  occur.  He  also  proposed  insulating  the 
silk-covered  wire  by  first  boiling  it  in  spermaceti  to  get  rid  of 
moisture  and  air.  Poggendorff  experimentally  examined  the 
construction  of  each  element  of  the  coil,  with  the  object  of 
ascertaining  the  best  arrangement  and  proportions  of  each  part 
Witt  respect  to  the  condenser,  he  adopted  a  suggestion  which 
apparently  emanated  from  Halske — viz.,  to  use  mica  for  the 
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dielectric,  and  he  convinced  himself  of  the  great  superiority 
of  mica  over  oiled  silk  in  this  portion  of  the  apparatus.  Owing 
to  the  expense  of  procuring  large  sheets  of  mica,  he  also  used 
very  thin  paper,  varnished  with  amber  varnish,  as  a  substitute. 
Also  he  used  thin  gutta-percha  sheet  for  the  same  purpose. 
Poggendorff  made  many  experiments  with  the  object  of  ascer- 
taining the  exact  influence  of  the  dimensions  of  the  condenser 
upon  the  spark-producing  power  of  given  coils.  He  came  to 
the  conclusion  that  the  stronger  the  primary  current  and  the 
longer  the  primary  circuit,  the  greater  must  be  the  capacity 
of  the  condenser  in  order  to  obtain  the  maximum  possible 
secondary  spark.  Poggendorff  established  the  following  facts, 
some  of  which  had  previously  been  arrived  at  by  Masson  and 
Breguet : — 

(i.)  When  the  terminals  of  the  secondary  circuit  are  joined 
by  a  metallic  wire,  or  other  good  conductor,  induced  currents 
at  "break"  and  "make"  of  the  primary  circuit,  which  are 
in  opposite  directions,  circulate  in  the  secondary.  These 
currents  are  equal  in  quantity,  but  different  in  electromotive 
force. 

(ii.)  If  a  good  conducting  electrolyte,  such  as  dilute  sulphuric 
acid,  is  introduced  into  the  secondary  circuit,  oxygen  and 
hydrogen  are  liberated  at  both  poles  of  the  voltameter. 

(iii.)  If  the  circuit  of  the  secondary  coil  is  interrupted  by  a 
thin  stratum  of  air  or  gas  so  that  the  secondary  circuit  is  not 
complete,  then  only  one  of  the  secondary  currents  passes,  viz., 
that  produced  at  the  break  of  the  primary  circuit  Hence  we 
have,  then,  phenomena  of  tension  at  the  ends  of  the  secondary 
circuit.  If  an  electroscope  is  touched  for  a  moment  against 
one  of  the  terminals  of  the  secondary  it  will  become  charged, 
but  the  sign  of  that  charge  will  be  a  matter  of  chance, 
depending  on  the  instant  when  it  was  so  touched.  If, 
however,  a  spark  is  passed  across  an  air-gap  into  the  electro- 
scope from  either  terminal  of  the  secondary  it  will  always 
give  one  kind  of  charge,  viz.,  that  due  to  the  state  of 
the  secondary  pole  when  the  primary  current  is  interrupted. 
The  action  of  the  condenser  in  strengthening  the  secondary 
current  produced  at  the  "break"  of  the  primary  is  only 
seen  when  the  circuit  of  the  secondary  circuit  is  interrupted 
by  an  air-gap    or  circuit    of  high  resistance.      When    the 
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secondary  circuit  is  completed  by  a  better  conducting  medium, 
such  as  a  partially  exhausted  tube,  the  action  of  the  condense! 
is  much  less  apparent.  Poggendorff  also  examined  the 
phenomena  presented  vhen  the  currents  from  the  secondary 
coil  are  employed  to  charge  a  Ley  den  jar.  He  noted  the 
effects,  independently  observed  by  Sir  W.  Grove,  and  published 
by  him  in  the  Philosophical  Magazine  for  January,  1855,  which 
attend  the  secondary  discharges  when  a  discharging  path  is 
opened  across  the  terminals  of  the  condenser  thus  applied. 
Poggendorff  states  that,  in  December,  1854,  he  communicated 
to  the  Berlin  Academy  the  observation  that  if  a  Leyden  jar  has 
its  internal  and  external  coatings  connected  respectively  to  the 
two  terminals  of  the  secondary  coil,  and  if  wires  are  also 
brought  from  the  terminals  of  the  secondary  coil  to  within  a 
short  distance  of  each  other,  snapping,  bright  intermittent 
sparks  will  be  obtained,  quite  different  in  appearance  from 
the  thin,  bluish  continuous  sparks  of  the  ordinary  secondary 
discharge.  Coeteris  paribus,  these  discharge  sparks  are,  accord- 
ing to  Poggendorff,  stronger  the  more  powerful  the  battery, 
and  the  smaller  the  charged  surfaces. 

Grove  discovered,  quite  independently  of  Poggendorff,*  the 
effect  produced  by  a  Leyden  jar  counected  across  the  secondary 
terminals,  but  he  examined  at  much  greater  length  the  whole 
phenomenon.  Briefly,  he  found  it  to  be  as  follows: — If  a 
Leyden  jar  has  its  outside  coating  connected  to  the  inner  end 
of  the  secondary  circuit  of  an  induction  coil,  and  its  inner 
coating  to  the  outer  end  of  that  circuit,  and  if  a  pair  of  dis- 
charging points  are  connected  across  between  the  two  coatings 
of  the  jar,  then  when  the  coil  is  set  in  action  and  the  discharge 
points  adjusted  to  a  proper  distance,  loud,  brilliant  intermittent 
sparks  jump  across.  These  sparks  are  much  more  brilliant 
and  solid  than  the  ordinary  discharge  of  the  secondary  circuit, 
and  take  place  at  a  slightly  less  distance.  If,  now,  the  battery 
power  or  number  of  cells  operating  the  coil  is  increased  the 
effect  is  only  to  increase  the  sparks  at  the  primary  contact 
breaker,  but  not  much  to  increase  the  secondary  discharges. 
When,  however,  a  larger  Leyden  jar,  or  another  Leyden  jar 
joined  in  parallel  with  the  first,  is  taken  and  connected  to  the 
secondary  the  effect  is  immediately  to  decrease  the  primary 

•  See  PhU.  Mag.,  Vol.  IX.,  Series  4,  1886,  p.  1. 
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spark  and  to  increase  the  secondary  spark.  Hence  Grove  found 
that  he  could  apparently  go  on  adding  cells  to  the  battery 
producing  this  primaiy  current^  or  increase  the  primary  electro- 
motive force  and  Leyden  jars  to  the  secondary  circuity  or 
increase  the  capacity  of  the  secondary  circuity  over  wide  limits, 
and  with  each  such  addition  the  brilliancy  and  length  of  the 
discharges  from  the  secondary  terminal  were  increased.     In 
seeking  for  an  explanation  of  this  efifect  we  have  to  bear  in 
mind  that  the  Leyden  jar  or  condenser  which  is  joined  across 
the  secondary  terminals  acts  as  a  conductor  of  electricity  during 
the  time  in  which  the  induced    electromotive  force  in  the 
secondary  circuit  is  increasing  in  amount.      Also,  the  capacity 
of  the  condenser  reacts  with  the  self-induction  of  the  secondaiy 
circuit  to  increase  the  maximum  potential  difiference  at  the 
terminals  of  the  secondary  coil  in  a  manner  to  be  discussed 
more  fully  later  on.     During  the  period  of  time  in  which  the 
secondary  inverse  induced  current  is  flowing  into  the  condenser 
it  is  being  charged.    At  che  instant  when  the  secondary  induced 
electromotive  force  becomes  zero  the  condenser  begins  to  dis- 
charge.    Owing,  however,  to  the  great  self-induction  of  the 
secondary  circuit  of  the  coil  the  charge  of  this  condenser  does 
not  flow  back  through  the  secondary  coil,  but  springs  across 
the  parallel  air-gap,  making  a  spark.     The  greater  brilliancy 
and  noise  of.  this    spark,    as    compared  with   the  ordinary 
discharge   of  the   secondary  circuit,  is  due  to  the  greater 
quantity    of    electricity    which    passes    at  each    discharge. 
Poggendorff  made  some  very  instructive  experiments  with  two 
or  more  induction  coils,*  which  if  they  had  been  carefully 
studied  by  subsequent  inventors  might  have  done  much  to 
prevent  misconception  and  error.     Poggendorfi'took  two  similar 
induction  coils,  which  we  will  call  A  and  B,  and  arranged  them 
with  their  primary  coils  in  series.     A  was  allowed  to  give 
sparks  from  its  secondary  circuit  whilst  the  secondary  circuit} 
of  B  remained  open  and  having  its  soft  iron  core  removed.    The 
introduction  of  the  soft  iron  core  into  the  primary  coil  of  B  at 
once  weakened  the  sparks  from  the  secondary  circuit  of  A. 
Hence,  says  Poggendorff,  it  follows  that  '*  two  complete  instru- 
ments combined  one  after  the  other  mutually   disturb  one 
another,  and  the  total  effect  is  not  equal  to  the  sum  of  the 

♦  See  PhU,  Mag.,  Vol.  X.,  4th  serioB,  1855,  p.  137. 
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-effects  which  each  would  produce  with  the  same  intensity  oi 
galvanic  current." 

He  then  modified  the  experiment  by  placing  the  coils  A 
and  B  alongnde  of  one  another,  so  that  the  primary  circuits 
were  joined  in  parallel,  and  he  found  that  the  insertion  of  the 
soft  iron  core  into  B  increcued  the  sparks  given  by  A.     He 
found  that  in  the  first  case,  when  the  primaries  were  in  series, 
the  closing  of  the  secondary  circuit  of  B  again  reproduced  the 
sparks  at  their  former  intensity  at  the  secondary  circuit  of  A ; 
whilst,  in  the  second  case,  when  the  primary  circuits  of  the 
coils  were  in  parallel,  the  subsequent  closing  of  the  secondary 
circuit  of  B  destroyed  the  augmentation  of  the  sparks  at  the 
secondary  circuit  of  A.     The  explanation  of  these  effects  is 
•obvious  in  the  light  of  what  is  now  known  as  to  the  effect 
of  the  closed  secondary  circuit   upon   the   impedance  of  the 
primary  circuit.     When  the  primary  coils  were  in  series,  the 
introduction  of  the  iron  core   into  B  increased  the  imped- 
ance of  the  whole  circuit,  and  hence  decreased  the  primary 
current  and  the  secondary  sparks  of  A,  but   the  subsequent 
•closing  of  the  secondary  circuit  of   B   partly  annulled  the 
impedance  of  the  primary  circuit,  and  hence  reaugmented  the 
secondary  sparks  of  A.     Similar  explanations  apply  to  the  case 
of  the  coils  with  primaries  in  parallel.     If  these  experiments 
had  been  carefully  considered  by  subsequent  inventors  it  would 
have  been  seen  that  induction  coils  with  their  primaries  in 
series  are  not  independent  of  each  other,  and  that  the  strength 
of  the  primary  current  is  affected  by  the  opening  or  closing 
of  the  secondary  circuit  of  any  one  of  them.      Poggendorff 
oxamined  very  carefully  the  action  of  the  contact  breaker,  both 
when  operating  in  air,  as  well  as  when  immersed  in  various 
liquids,  and  also  when  in  a  good  vacuum.     He  found  that, 
when  the  contact  points  of  the  contact  breaker  were  immersed 
in  pure  distilled  water  or  alcohol,  the  length  of  the  secondary 
spark  was  augmented,  when  compared  with  its  length,  when  the 
oontact  breaker  operated  in  air.     He  made  also  the  curious 
observation  that  when  the  contact  breaker  on  the  primary 
circuit  operated  in  a  good  vacuum  its  action  in  lengthening  the 
secondary  spark  was  so  much  increased  that  it  produced  very 
nearly  the  same  effects  when  acting  without  a  condenser  as  did 
a  contact  breaker  provided  with  a  condenser  when  acting  in  air. 
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§15.  Foneanlt's  Experiments  with  Two  Coils. —  In  the 
Comtes  RenduB  for  1856  (Vol.  XLIL,  p.  215),  Foaoault 
describes  an  interesting  experiment  which  he  made  with  two 
Buhmkorff  induction  coils.  He  desired  to  obtain  long  sparks 
by  adding  together  the  potential  of  two  induction  coils.  With 
this  object  he  joined  the  primary  circuits  of  two  similar  coils 
in  parallel,  and  operated  them  by  the  current  from  one  and 
the  same  battery.  Under  these  circumstances  the  contact 
breakers  did  not  vibrate  in  stop,  and  the  secondary  spark 
length,  resulting  from  joining  the  two  secondary  circuits  in. 
series  in  the  proper  way,  was  not  the  sum  of  the  lengths  of  the 
separate  secondary  sparks.  He  discovered  an  ingenious  way 
of  making  the  contact  breakers  keep  in  step.  This  was  efifected 
by  joining  a  piece  of  wire  across  from  the  end  of  one  primary 
coil  to  the  simUar  end  of  the  other,  this  junction  being  effected 
between  the  contact  breaker  and  the  beginning  of  the  primary 
ooiL  When  this  was  done  each  hammer  kept  the  other  in 
step  with  itself,  and,  on  joining  up  the  secondary  circuits  in 
series  in  the  proper  manner,  he  obtained  a  secondary  spark 
double  in  length  (viz.,  18  or  20  mm.)  of  that  of  each  coil 
separately. 

§16.  Btohrer's  Induction  OoiL— In  1854  Emil  Stdhrer 
directed  his  attention  to  the  improvement  of  the  induction 
coil,*  and  produced  a  form  of  coil  which  is  represented  in 
Fig.  23.  The  instrument  consisted  of  a  primary  wire  and 
core  of  divided  soft  iron  arranged  in  a  vertical  position, 
the  iron  wires  being  of  1mm.  diameter,  and  standing  loosely 
in  a  cylinder  of  wood  so  that  they  could  be  removed  one 
by  one  if  desired.  The  iron  wires  were  varnished  with 
shellac.  The  primary  coil  consisted  of  six  layers  of  double 
covered  wire  1mm.  in  diameter,  the  height  of  the  whole 
spiral  being  20  centimetres,  and  its  diameter  over  all  50mm. 
The  secondary  coil  consisted  of  three  independent  coils  wound 
on  separate  bobbins  made  of  varnished  paper  with  cheeks  of 
pear-tree  wood.  The  wire  was  insulated  with  silk  and  well 
varnished,  and  insulated  with  a  mixture  of  wax  and  resin. 
Stdhrer  employed  an    independent    electro-magnetic  contact 

*  See  PaggendoTJTz  AnnaUn,  May,  1866 ;  also  PkiL  Mag.,  1857,  VoL 
XIIL,  4th  series,  p.  55. 
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breaker,  and  a  oondenser  of  which  the  dielectric  twnsiated  of 
waxed  oloth.  He  obtained  good  aeoondary  sparks  12  or  14 
"linea"  in  length.  He  t^ed  pioduoing,  aa  Sinsteden  had 
suggested,  an  arc  light  between  coke  points  by  means  of  the 
aeoondaiy  diBohargeB,  but  he  was  not  aware  of  the  previous 
results  of  Callan  or  of  Page  in  this  respect,  and  hia  coil 
evidendy  furoished  too  small  a  "ijuantity"  of  current  to 
enable  him  to  obtain  an  aro. 


Fio.  2S.— SUhrer'e  InducUoa  Cml  (1656). 

§  17.  J.  N.  Heuder's  Indnctioa  OoUs.— Mr.  J.  N.  Hearder, 
of  Plyraoath,  began,  in  December,  1865,  the  construction  of 
induction  ooils,  and  his  Papers  describing  his  work  are  to  be 
found  in  the  Pkitoiophieal  J/o^onne  for  Noyember  and  Decem- 
ber, 1856  (4th  series,  ToL  XII.,  p.  377).*  Hearder  had  his 
attention  drawn  to  the  subject  by  the  Paper  of  Grove  in  1855,  to 
which  reference  has  been  made  already,  on  the  employment  of  a 
Leyden  jar  in  connection  with  the  secondary  circuit,  and  this 
Paper  stimulated  him  to  examine  the  construction  of  Ruhmkorffs 

*  lb  1b  lUted  in  Nod's  Manual  tff  BUetrieitg,  Part  II.,  tli*t  H«wder 
began  his  work  oa  indnation  coUt  in  1846,  but  thu  ii  incaTTech 
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induction  coU.  After  many  experiments  he  was  successful  in 
producing  a  coil  for  which  he  obtained  a  silver  medal  from  the 
Royal  Cornwall  Polytechnic.  It  appears  that  up  to  the  time 
of  Hoarder's  experiments  he  (Hoarder)  had  not^  apparently, 
seen  any  one  of  Ruhmkorff's  induction  coils  capable  of  giving 
a  greater  length  of  secondary  spark  than  three-quarters  of  an 
inch.  Hoarder  adopted  sheet  gutta-percha  as  his  insulating 
material  for  the  secondary  coil,  and  he  describes  the  chief 
differences  between  his  own  and  Ruhmkorff's  coil  as  follows : — 
He  says  (PhiL  Mag,,  Vol.  XIV.,  4th  series,  1857)  that  Ruhm- 
korff's  secondary  wire  was  insulated  with  cotton,  whilst  he 
used  silk-covered  wire.  Ruhmkorff  employed  shellaced  paper 
between  the  layers  of  the  secondary  coil,  whilst  he  used  sheet 
gutta-percha  or  thin  vulcanised  sheet  india-rubber.  He  also 
claims,  that  he  imprqved  the  iron  core  by  using  smaller  iron 
\nres  than  Ruhmkorff,  and  that,  in  place  of  oiled  silk  for  the 
condenser  dielectric,  he  substituted  vulcanised  india-rubber, 
gutta-percha,  or  varnished  cartridge  paper.  He  also  states 
that  he  improved  the  contact  breaker  by  using  a  stiffer  spring, 
the  rate  of  vibration  of  which  he  could  alter,  within  certain 
limits,  at  pleasure,  by  means  of  a  screw. 

Hearder  noted  particularly  the  limitation  imposed  by  the 
tendency  to  discharge  from  layer  to  layer  of  the  secondary 
coil  over  the  ends  of  the  layers  of  insulator,  and  he  prevented 
this  by  extending  the  sheet  gutta-percha  placed  between  the 
several  layers  of  wire  a  good  way  beyond  the  wire  windings, 
so  that  the  discharge  would  have  to  take  a  longer  path 
through  air  to  get  round.  A  considerable  controversy 
sprang  up  between  Mr.  J.  N.  Hearder  and  another  im- 
prover of  the  induction  coil,  Mr.  0.  A  Bentley,  as  to 
who  was  the  first  to  suggest  these  modifications,  and  was 
continued  with  some  bitterness  between  them  (see  Phil. 
Mag.,  VoL  XIIL,  1856,  p.  325).  Bentley's  description  of  his 
coil  is  to  be  found  in  the  Philosophical  Magazine  for  1856 
(Vol.  XII.,  4th  series,  p.  319).  He  constructed  a  coil  capable 
of  giving  secondary  sparks  two  inches  long  in  air  when  the 
primary  current  was  produced  by  four  or  five  Grove's  cells. 
Bentley  also  adopted  sheet  giitta-percha  for  the  insulation 
of  the  various  layers  of  the  secondary  coil,  but  whether 
before  or  after  Hearder  it  is  difficult  to  say.     He  employed  an 
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electro-magnetic  break  having  a  very  stiff  spring  to  the  hammer, 
the  time  of  yibration  of  which  he  could  vary  at  pleasure.  He 
used  also  a  condenser  made  of  tinfoil  and  varnished  paper. 

Hearder  constructed  about  this  time  a  coil  some  12  inches 
in  length,  in  which  the  secondary  circuit  had  a  length  of 
three  miles,  and  from  which  he  obtained  secondary  sparks 
about  three  inches  in  length.  He  noted  that  if  the  discharge 
was  taken  between  fine  platinum  terminals  not  more  than 
0*5  inch  apart,  the  negative  terminal  became  white  hot  very 
soon,  and  began  to  melt.  He  made  many  experiments  on 
discharges  in  air  and  in  vacuo  between  terminals  of  different 
forms.* 

Hearder  published  a  Paper  in  the  Philosophical  Magaxine 
for  1857  (YoL  XHL,  p.  325),  m  which  he  makes  many 
observations  on  the  heating  power  of  the  secondary  discharge, 
both  when  the  terminals  were  connected  to  a  Leyden  jar  in 
the  manner  described  by  Orove,  and  when  they  were  not.  He 
found  that  whereas  the  simple  secondary  current  could  not, 
imder  certain  circumstances,  heat  a  few  inches  of  platinum 
wire  red  hot,  the  mere  interposition  of  a  Leyden  jar  across  the 
secondary  terminals  caused  the  platinum  wire  to  be  heated  to 
redness,  or  to  be  fused,  thus  showing  an  increase  in  the 
quantity  of  each  discharge. 

Bentley  asserted  that  he  had  independently  adopted  these 
same  improvements  as  Hearder,  and  that,  by  following  this 
mode  of  construction,  Mr.  Ladd  had  obtained  sparks  4^  inches 
long.  The  points  at  issue  between  these  inventors  are  not 
very  important  except  as  showing  that  several  minds  had  ad- 
dressed themselves  to  improving  Ruhmkorff's  coil,  and  that  the 
causes  limiting  the  sparking  distance  were  gradually  being 
generally  understood. 

§  1&  Bitchie'8  Induction  Ooils.— Mr.  K  S.  Bitchie,  of 
Boston,  U.S.A.,  began  apparently  to  study  the  construction  of 
the  induction  coil  in  or  about  1857,  and,  probably,  not  know- 
ing what  had  been  done  by  Poggendorff,  he  again  brought 
forward  the  suggestion  of  insulating  the  secondary  coil  verti- 
cally instead  of  horizontally.  A  Paper  by  Bitchie  is  to  be 
found  in  StlltTnan's  American  JowmaX  of  Science  for  November, 

*  See  PhiL  Mag.,  Vol  XIL,  4th  seriee,  1856,  pp.  377  aad  443. 
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1857  (Vol.  XZIV.,  p.  45).  In  this  Paper,  Ritchie  euumeratas 
the  causes  of  the  difficulties  met  with  by  Stiihrer  and  Hearder 
in  lengthening  the  secondary  spark  beyond  three  inches,  and 
proceeds  to  describe  his  own  improTcments.  Ritchie  wound 
the  secondary  wire  on  a  glass  tube,  beginning  near  one  eni) 
and  winding  the  wire  in  a  sort  of  very  steep  cone  (tee  Fig.  24). 
When  this  cone  of  wire  was  wound  on,  a  wather  or  disc  of 
mloanised  rubber  was  slipped  on  and  cemented  with  beeswax 
and  resin,  and  the  end  of  the  wire  passed  down  and  insulated 
with  a  strip  of  rubber,  and  then  another  cone  of  wire  built  up 
until  the  whole  tube  was  wound  full  of  coils,  insulated  from 
each  other  with  washers  or  discs  of  sheet  rubber.  With  a 
helix  10  made  of  7,000ft.  of  wire  Ritchie  obtained  a  seoondaiy 
spark  of  2^  inohes,  and  with  3O,OO0fC.  of  wire  a  spark  of  ai 


inohes.  He  supplied  the  above  ooils  with  condensers,  having 
respectively  30  and  75ft.  of  coated  surface,  the  insulator 
being  thin  sheet  gutta-percha.  He  found  that  it  was  very 
important  to  get  high  insulation  between  the  primary  and  the 
secondary  coils,  and  that  it  was  necessary  to  overlay  the  glass 
tnbe  on  which  the  secondary  was  wound  with  many  sheets  of 
gutta-peroba  tissue.  In  18S9  Ritchie  sent  to  Franee,  by 
HoCulloch,  a  ooil  made  in  the  above  way,  which  gave  seoondaiy 
sparks  35  centimetres  in  length,  which  astonished  the  Frencb 
laTanta,  they,  as  Du  Mimcel  says,  not  knowing  nor  oaring  to 
know  the  results  of  the  previous  work  of  M.  Jean.  A  recent 
coii,  made  about  1860  by  Ritchl^  is  figured  by  Du  Uoneel  in 
his  book  on  the  Induction  Apparatus  of  BuhmkorfT,  and  is 
shown  in  Fig.  25.  The  ooil  was  120  centimetres  in  length,  and 
coatained  52  kilograms  of  wire,  and  weighed  in  all  113  kilo- 
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grams.  The  bobbia  was  oomposed  of  two  separable  portions, 
and,  in  fact,  was  two  distinct  coils.  The  core  was  a  bundle  of 
irOQ  wires  each  one  millimetre  in  diameter.  The  primary  coil 
was  60  metres  long,  and  constructed  of  wire  five  millimetres  in 
diameter.  The  secondary  coil  was  71,200  metres,  or  nearly  15 
miles  in  length,  and  oonatructed  of  wire  '16  millimetre  in 
diameter.  It  was  made  of  the  purest  copper,  oovered  with  sillc, 
and  wound  in  a  series  of  flat  helices  of  one  thickness  of  wire, 
,the  different  spirals  being  insulated  with  paraffined  paper. 
The  insulation  between  the  primary  and  secondary  coils  was 
separated  by  a  glass  tube,  and  layers  of  vulcanised  caoutchouc 
plaoed  over  it.    The  condenser  consisted  of  sheets  of  Unftul  of 


Fia,  25.— Bitchie'i  Induction  Coil  (1859). 

30  square  decimetres  in  area,  insulated  with  oiled  silk,  and 
arranged  so  that  more  or  less  of  the  surfiwe  could  be  utilised. 
The  intermptor  was  a  hammer-break,  actuated  by  an  electro* 
magnet  separate  from  the  coiL  The  length  of  each  section  of 
the  bobbin  was  33  centimetres,  and  the  external  diameter  of  the 
ooil22'8  centimetres.  With  the  currenta  from  three  lat^  bichro- 
mate oells  the  secondary  spaifa  were  63  oontimetres  in  length. 

§19.  lb.  Ouslott'B  large  ZnAocUoa  OolL— In  1868, 
Bitohie  constructed,  to  the  order  of  Mr.  John  P.  Gassiott,  a 
large  induction  coil,  which  is  thus  described  by  Mr.  Gassiott  in 
tiifl  PkOoKphieal  Magadne  for  1868  (Vol.  XY.,  4th  series,  p.  466) : 


\ 
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^The  primary  ooil  is  of  wire  of  No.  9  gauge,  the  helix  in 
three  layers  and  15in.  in  length,  taking  altogether  150ft 
of  wire.  The  iron  oore  is  18in«  in  length  and  about 
Ifin.  in  diameter,  of  annealed  iron  wires,  No.  16  gauge, 
annealed  with  the  very  greatest  oare,  haying  been  a  fortnight 
in  cooling.  The  primary  wire  has  a  cover  of  gutta-peroha,  one- 
tenth  of  an  inch  in  thickness;  over  this  a  glass  tube.  The 
«eoondazy  helix  is  divided  into  three  bundles,  each  five  inches 
in  lei^h,  wound  on  cylinders  of  gutta-percha,  the  total 
length  of  secondary  wire  being  73,650ft.,  or  14  miles.''  The 
secondary  wire  was  insulated  and  wound  vertically,  that  is,  in 
separate  flat  helices.  The  condenser  consisted  of  varnished  tissue 
paper,  three  layers  of  each  sheet  between  every  sheet  of  tinfoil, 
-and  there  were  three  condensers  which  could  be  employed,  of  50, 
100,  and  150  square  feet  of  coated  surface  respectively.  The 
coil  would  give  12^in.  sparks.  The  interrupter  was  a  ratchet 
break  worked  by  hand,  which  enabled  various  rates  of  inter- 
ruption to  be  applied.  This  coil  was  used  by  Mr.  Gassiott  in 
his  researches  on  electrical  discharge  in  vacuo,  and  gave  very 
fine  effects. 

§  20.  8ir.  W  OtOT^'s  Employme|Lt  of  Altemal^,  Onrrents 
'With  an  Induction  OoiL — Shortly  after  the  publication  of  the 
•description  of  Wilde's  magneto-electric  generator,  Sir  W.  Grove 
had  the  idea  of  exciting  an  induction  coil  with  an  alternating 
-current.  He  accordingly  applied  an  ordinary  medical  magneto- 
electric  machine  to  the  primary  of  a  Ruhmkorfi*  coil,  first 
.flcrewing  up  the  contact  breaker  of  the  coil,  so  as  to  close  the 
primaiy  circuity  and  cut  out  the  condenser.  He  found  to  his 
4rarprise  that  he  could  get  no  secondary  discharge  at  all.  When, 
liowever,  he  opened  the  contact  breaker,  so  as  to  place  the  con- 
denser in  series  with  the  primary  coil  and  the  magneto-electric 
machine  armature,  he  got  sparks  of  about  one-third  of  an  inch 
in  lei^h  between  the  ends  of  the  secondary  coil.  Not  being 
.able  himself  to  see  fully  the  reason  for  this  he  appears  to  have 
flhown  or  described  the  experiment  to  Clerk-Maxwell,  who  sent 
him  the  explanation  of  it  (See  PhU.  Mag.^  Vol.  XXXY.,  5th 
series,  1868,  p.  360.) 

Maxwell  pointed  out  that  the  reason  why  he  obtained  no 
-aparks  from  the  secondary  circuiti  when  the  condenser  was 

■  2 


52 


THE  HISTOBICAL  DEYSLOPHBNT  OF  THE 


short-cirouited,  and  the  magneto-electrio  machine  was  applied 
directly  to  the  primary  of  the  coil,  was  because  the  self- 
induction  of  the  primary  coil  prevented  the  alternating  electro- 
motive force  of  the  generator  from  developing  any  but  a 
▼ery  small  current  in  the  primary  coil.  When,  however,  the 
ooudenser  was  thrown  into  series  with  the  primary  coil  by 
opening  wide  the  contact  points,  the  capacity  of  the  condenser 
annulled  a  great  part  of  this  self-induction  of  the  primary 
circuit,  and  hence  permitted  the  alternating  E.M.F.  of  tho 
generator  to  send  a  much  larger  current  through  the  primary 
coil,  and  this  was  able  to  generate  a  very  considerable  secondary 
current  and  secondary  electromotive  force.  The  condenser 
neutralised  in  part  the  impedance  of  the  primary  circuit.  In 
this  same  Paper,  Clerk-Maxwell  sketched  out  the  mathematical 
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theory  of  the  shunted  condenser  in  series  with  an  inductive 
circuit  as  follows : — Let  Vq  be  the  maximum  value  of  the 
periodic  electromotive  force  of  the  generator,  and  let  R  and 
L  be  the  resistance  and  inductance  of  the  primary  circuit  of 
the  coil,  and  C  the  capacity  of  the  condenser  shunted  by  a- 
non-inductive  resistance,  r,  arranged  as  in  Fig.  26.  Then  the 
following  relations  hold  good : — ^Let  v^  be  the  potential  differ- 
ence of  the  condenser-plates  at  any  instant,  and  let  t\  be  the 
current  through  the  primary  coil,  and  f^  the  current  through 
the  condenser  shunt.  Also  let  I^  be  the  maximum  value  of 
the  current  in  the  primary  coil.  If  v^  is  the  E.M.F.  of  the 
generator,  then  we  may  write 

as  the  expression  for  this  Instantaneous  value  of  the  E.M.F.  ill 
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terms,  of  its  maximum  value,  where  p  stands  for  2  v  times  the 
frequency  of  the  alternating  current  or  electromotive  force; 

also  we  can  write 

f\=Ii  cos  (p*  +  a), 

and  Vj^rtj. 

Hence  we  have  C  -j-^  =  h ""  *2» 

at 

and  Vo0osi?«  +  Rt\  +  L^+Vi«0, 

as  equations  true  at  any  instant,  and  it  is  easy  to  deduce  that 
the  maximum  value  I^  of  the  current  in  the  primary  is  given  by 

,, VoMl+C«r«p«) 

Ai-r8{(l-LC2}2)2  +  C2RV}  +  2Rr  +  R2  +  LV- 

If  r  =  0,  that  is,   if  the  condenser  is  short-circuited,  this 

reduces  to 

V  2 

'    B.^  +  1/p^  ^^ 


If  r  »  oc ,  that  is,  if  the  shunt  is  removed,  it  reduces  to 


In  the  case  when  2  C  L^^  is  greater  than  unity,  the  value  of  I^ 
given  by  (2)  is  greater  than  the  value  given  by  (1).  Hence  the 
primary  current  is  increased  by  throwing  into  circuit  a  suitable 
condenser.  If  C  h  p^^l  the  expression  for  the  current  is 
reduced  to 

or  the  current  has  the  greatest  value  it  can  have,  and  the  in- 
ductance of  the  primary  circuit  is  entirely  annulled  by  the  con- 
denser. 

Maxwell  thus  pointed  out  the  condition  for  obtaining  the 
maximum  primary  current  and  the  reasons  why  the  interposi- 
tion of  a  condenser  of  suitable  capacity  increases  the  primary 
current,  and  hence  increases  the  secondary  electromotive  force 
to  the  point  of  creating  very  considerable  sparks,  between  the 
secondary  terminals. 


• 
,' 
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§21.  Mr.  Apps'  Large  Indnetion  Ooils,  the  Folytedmie 
Ck>il,  and  Mr.  Spottiswoode's  Great  OoiL — In  the  years  smce 
1867,  Mr.  A.  Apps  has  devoted  great  attention  to  the  produc- 
tion of  large  induction  coils,  and  has  been  the  designer  and 
constructor  of  some  of  the  most  powerful  coils  in  existence. 
Mr.  Apps  began  by  making  coils  of  single  flat  spirals  of  wire 
insulated  by  discs  of  insulating  material,  but  finding  thia 
construction  too  expensive,  he  adopted  a  modified  form  of  the 
sectional  winding.  In  1869  he  built  the  large  Polytechnic 
coil,  sometime  exhibited  and  used  at  the  old  Polytechnie 
Institution  of  London.  The  secondary  wire  of  this  coil  waa 
150  miles  in  length.  The  diameter  of  the  wire  was  *014  of  an 
inch,  and  it  was  silk-covered.  This  secondaiy  wire  was  wound 
in  grooves  about  ^  of  an  inch  in  width  and  200  in  number. 
The  iron  core  was  a  bundle  of  soft  iron  wire,  4in.  in  diameter, 
weighing  1231bs.,  and  about  5ft.  in  length.  The  primary 
bobbin  weighed  1451bs.,  and  consisted  of  6,000  turns  of 
covered  copper  wire  *095  of  an  inch  in  diameter  and  3,770 
yards  in  length.  The  secondary  bobbin  when  complete  had 
an  external  diameter  of  2fb.  and  a  length  of  4ft  lOin.  The 
primary  coil  was  insulated  from  the  secondary  coil  by  an 
ebonite  tube.  Excited  by  the  current  from  40  large  Bunsen 
cells,  this  coir  would  give  secondary  sparks  29in.  in  length, 
and  could  in  a  few  seconds  charge  66  Leyden  jars,  each  having 
11  square  feet  of  internal  coated  surface.  The  secondary 
discharge  could  pierce  blocks  of  glass  5in.  in  thickness. 
The  secondary  sparks  were  of  considerable  thickness  and 
apparent  volume,  and  accompanied  by  a  kind  of  flame.  The 
next  coU  of  any  importance  was  an  18in.  spark  coil  made  for 
the  late  Mr.  Spottiswoode,  which  was  made  on  the  same 
general  lines  as  the  Polytechnic  coil.  After  introducing  many 
improvements,  Mr.  Apps  began,  in  1876,  to  construct  his  most 
important  induction  coil,  viz.,  the  colossal  induction  coil  built 
for  the  late  Mr.  Spottiswoode,  which  is  described  as  follows  in 
the  PkUosophical  Magazine  for  January,  1877,  p.  30,  and  which 
was  used  by  Mr.  Spottiswoode  in  many  of  his  researches.  It 
is  thus  described  in  the  above-mentioned  periodical  by  Mr. 
Spottiswoode  himself : — 

'*  The  general  appearance  of  the  instrument  is  represented  in 
Fig.  27,  by  which  it  is  seen  that  the  coil  is  supported  by  two 
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aiassive  pillars  of  wood,  sheathed  with  gutta-percha,  and  filled 
in  towards  their  upper  extremities  with  paraffin  wax.  Besides 
these  two  main  supports,  a  third,  capable  of  being  raised  or 
lowered  by  means  of  a  screw,  is  placed  in  the  centre,  in  order 
to  prevent  any  bending  of  the  great  superincumbent  mass. 
The  whole  stands  on  a  mahogany  frame  resting  on  castors. 

"  The  coil  is  furnished  with  two  primaries,  either  of  which 
may  be  used  at  pleasure.  Either  may  be  replaced  by  the  other 
by  two  men  in  the  course  of  a  few  minutes.  The  one  to  be 
used  for  long  sparks,  and  indeed  for  most  experiments,  has  a 
core  consisting  of  a  bundle  of  iron  wires,  each  *032in.  thick, 
and  forming  together  a  solid  cylinder  44in.  in  length  and 
3'5625in.  in  diameter.  Its  weight  is  671bs.  The  copper  wire 
used  in  this  primary  is  660  yards  in  length,  *096in.  in  diameter, 
has  a  conductivity  of  93  per  cent,  and  offers  a  total  resistance 
of  2*3  ohms.  It  contains  1,344  turns  wound  singly  in  6  layers, 
has  a  total  length  of  42in.,  with  an  internal  diameter  of  3*75in. 
and  an  external  of  4'75in.  The  total  weight  of  this  wire  is 
651bs. 

"The  other  primary,  which  is  intended  to  be  used  with 
batteries  of  greater  surface,  e.g,^  for  the  production  of  short 
thick  sparks,  or  for  spectroscopic  purposes,  has  a  core  of  iron 
wires  '032in.  thick,  forming  a  solid  cylinder  44in.  long  and 
3*8125  in  diameter.  The  weight  of  this  core  is  921bB.  The 
copper  wire  is  similar  to  that  in  the  primary  first  described, 
but  it  consists  of  504  yards  wound  in  double  strand  forming 
three  pairs  of  layers,  whose  resistances  are  *181,  *211,  *231  ohm 
respectively.  Its  length  is  42in.,  its  external  diameter  5*5in., 
and  its  internal  4in.  Its  weight  is  841b.  By  a  somewhat 
novel  arrangement,  these  three  layers  may  be  used  either  in 
series  as  a  wire  of  -192in.  thickness,  or  coupled  together  in 
threes  as  one  of  '576in.  thickness.  It  should,  however,  be 
added  that,  owing  to  the  enormous  strength  of  current  whioh 
this  is  capable  of  carrying,  and  to  the  highly  insulated  seoondazy 
coil  being  possibly  overcharged  so  as  to  fuse  the  wire,  thit 
larger  primary  is  best  adapted  for  use  with  secondary  conr 
densers  of  large  surface,  for  spectrum-analysis,  and  for  experi- 
ments with  vacuum  tubes  in  which  it  is  desirable  to  produce 
a  great  volume  of  light  of  high  intensity,  as  well  as  of  long 
duration  at  a  single  discharge.     The  alternate  discharges  and 
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flaming  sparks  can  also  be  best  produced  by  this  primary.  It 
has  been  used  for  high-tension  sparks  to  34in.  in  air,  the 
battery  being  10  cells  of  Grove's  with  platinum  plates  6^in.  x  3iiL 
Oreat  facilities  for  the  use  of  different  sets  of  batteries  are 
afforded  by  the  division  of  this  primary  into  three  separate 
circuitSi  to  be  used  together  or  separately ;  and  by  a  suitable 
arrangement  of  automatic  contact  breakers,  the  primary  currents 
may  be  made  to  follow  in  a  certain  order  as  to  time,  duration, 
and  strength,  with  effects  which,  when  observed  in  the  revolving 
mirror,  will  doubtless  lead  to  important  results  in  the  study  of 
strisB  in  vacuum  tubes. 

"  The  secondary  consists  of  no  less  than  280  miles  of  wire, 
forming  a  cylinder  37'5in.  in  length,  20in.  in  external  and 
9'5in.  in  internal  diameter.  Its  conductivity  is  94  per  cent, 
and  its  total  resistance  is  equal  to  110,200  ohms.  The  whole 
is  wound  in  four  sections,  the  diameter  of  the  wire  used  for  the 
two  central  sections  being  '0095in.,  and  those  of  the  two 
external  being  *0115in.  and  'OllOin.  respectively.  The  object 
of  the  increased  thickness  towards  the  extremities  of  the  coil 
was  to  provide  for  the  accumulated  charge  which  that  portion 
of  the  wire  has  to  carry. 

''Each  of  these  sections  was  woimd  in  flat  discs;  and  the 
average  number  of  layers  in  each  disc  is  about  200,  varying, 
however,  with  the  different  sizes  of  wire,  &c.  The  total 
number  of  turns  in  the  secondaiy  is  341,850. 

''The  great  length  of  the  wire  necessary  can  be  easily 
understood  from  the  fact  that  near  the  exterior  diameter  of 
the  coil  a  single  turn  exceeds  5ft.  in  length.  The  spark,  it 
is  believed,  is  due  to  the  number  of  turns  of  wire,  rather  than 
to  its  length,  suitable  insulation  being  preserved  throughout 
the  entire  length.  In  order  to  ensure  success,  the  layers  were 
carefully  tested  separately  and  then  in  sets,  and  the  results 
noted  for  comparison.  In  this  way  it  was  hoped  that  step  by 
step  safe  progress  would  be  made.  As  an  extreme  test,  as 
many  as  70  cells  of  Grove's  have  been  used,  with  no  damage 
whatever  to  the  insulation. 

"The  condenser  required  for  this  coil  proved  to  be  much 
smaller  than  might  at  first  have  been  expected.  After  a 
variety  of  experiments,  it  appeared  that  the  most  suitable  size 
18  that  usually  employed,  by  the  same  maker,  with  a  10-inch- 
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Bpark  coil — viz.,  126  sheets  of  tinfoil  18in.  x  8'25in.  in  surface^ 
separated  by  two  thicknesses  of  varnished  paper,  the  two  thick, 
nesses  measuring  'Ollin.  The  whole  contains  252  sheets  of 
paper  191n.  x  9in.  in  surface. 

*'  Using  the  smaller  primary,  this  coil  gave  with  five  quart 
cells  of  Grove,  a  spark  of  28in.,  with  10  similar  cells  one  of 
35in.,  and  with  30  such  cells  one  of  37'5in.  and  subsequently 
one  of  42in.  As  these  sparks  were  obtained  without  difficulty, 
it  appears  not  improbable  that,  if  the  insulation  of  the  ends  of 
the  secondary  were  carried  further  than  at  present,  a  still  longer 
spark  might  be  obtained.  But  special  adaptations  would  be 
required  for  such  an  experiment,  the  spark  of  42in.  already  so 
much  exceeding  the  length  of  the  secondary  coil. 

"  When  the  discharging  points  are  placed  about  an  inch  apart, 
a  flowing  discharge  is  obtained  both  at  making  and  at  breaking 
the  primary  circuit.  The  sound  which  accompanies  this  dis- 
charge implies  that  it  is  intermittent,  the  time  and  cuxirent 
spaces  of  which  have  not  as  yet  been  determined. 

"  With  a  28in.  spark,  produced  by  five  quart  cells,  a  block 
of  flint  glass  3in.  in  thickness  was  in  some  instances  pierced, 
in  others  both  pierced  and  fractured,  the  fractured  pieces 
being  invariably  flint  glass.  If  we  may  estimate  from  this 
result,  the  42in.  spark  would  be  capable  of  piercing  a  block 
Gin.  in  thickness. 

"  When  used  for  vacuum  tubes  this  coil  gives  illumination  of 
extreme  brilliancy  and  very  long  duration  :  with  20  to  30  ceUs 
and  a  slow-working  mercury  break,  giving,  say,  80  sparks  per 
minute,  the  strise  last  long  enough  for  their  forward  and  back- 
ward motion  to  be  perceived  directly  by  the  unassisted  eye. 
The  appearance  of  the  strise  when  observed  in  a  revolving 
mirror  (as  described  in  the  Proceedings  of  the  Royal  Society^ 
YoL  XXV.,  p.  73)  was  unprecedentedly  vivid,  and  this  even  when 
only  two  or  three  cells  were  employed. 

'*  Further  experiments  have  shown  that  with  such  large  coils 
only  the  newly  discovered  effects  of  very  high  temperature- 
combustion  or  volatilisation  can  be  produced.  On  exciting  the 
primary  of  the  coil  with  a  suitable  dynamo-electric  machine,  or 
battery,  and  using  a  large  Leyden  jar  in  the  secondary  circuit 
(according  to  Sir  William  Grove's  experiment),  the  electrical 
discharge  passing  between  electrodes  placed  before  the  slit  of 
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the  8peotroBOope  lines  and  bands  may  be  observed  to  advanoe 
and  recede  according  to  the  variations  made  in  the  magnitude 
of  the  exciting  discharges.  As  the  atmospheric  pressure  may 
be  assumed  to  remain  constant,  these  effects  are  probably  due 
to  differences  of  temperature  arising  from  the  action  of  a  greater 
or  smaller  extent  of  electrical  effects  on  the  electrodes  in  a  given 
time." 

Following  on  this  great  coil  Mr.  Apps  has  made  many  others, 
such  as  the  20in.  spark  coil  made  for  the  Framjee  Eawasjee 
Institute  of  Bombay,  and  by  certain  devices  of  insulaticxi  ha& 
increased  the  length  of  the  secondary  spark  beyond  the  length 
of  the  bobbin,  thus  making  a  bobbin  of  8^in.  in  length  give  an 
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Fig.  28. — ^Appe's  Method  of  Insulating  the  Secondary  CoxL 

llin.  spark.  As  an  illustration  of  this  fact  Mr.  Apps  has,  by  per- 
mission, furnished  the  author  with  the  details  of  six  coils  made  for 
Lord  Armstrong,  the  measurements  of  which  are  as  follows : — 
The  secondary  circuit  consists  of  8  miles  25  yards  of  silk- 
covered  copper  wire,  *0064in.  in  diameter.  It  makes  41,425 
turns,  and  weighs  in  all  71bs.  loz.  7drs.  The  secondary 
circuit  resistance  is  12,500  ohms.  The  interior  diameter  of 
the  secondary  bobbin  is  S^^in.,  the  exterior  5-j^in.,  and  the 
length  Sfin.  The  secondary  spark  is  from  lO^in.  to  llin.  in 
length.  The  primary  coils  consist  of  square  copper  wire. 
No.  14  B.W.G.,  the  length  of  wire  on  each  bobbin  being  51 
yards,  laid  on  in  four  layers  of  366  turns.  The  primary  coil 
resbtance  is  *32  ohm.     The  length  of  the  primary  coil  is 
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9'liii. ;  the  outside  diameter  of  the  bobbin  is  2in.,  and  the 
inside  diameter  l*6in.  The  most  effective  primary  current  is  a 
current  of  12  amperes  and  10  volts.  Each  coil  is  fitted  with  a 
'Condenser  divided  into  six  parts.  The  details  of  the  processes 
by  which  these  remarkable  achievements  in  insulation  are 
produced  are  of  the  nature  of  trade  secrets,  but  generally  it 
may  be  said  that  the  greatest  precautions  have  to  be  taken 
to  secure  the  result.  Mr.  Apps  has  obtained  a  high  repu- 
tation by  the  excellent  performance  of  many  of  his  coils. 


Fig.  29.'App8'8  Improved  Contact  Breaker. 

Some  of  Mr.  Apps's  improvements  in  induction  coils  are 
described  in  his  British  Specification,  No.  177,  of  January 
24,  1867.  In  this  he  gives  the  details  of  improvements  in 
the  mode  of  insulating  the  secondary  coil,  and  in  the  con- 
struction of  the  contact  breaker.  His  method  of  obtaining 
high  insulation  between  the  primary  and  secondary  coil  is  as 
follows : — The  primary  coil  is  wholly  enclosed  in  an  ebonite 
tube  (see  Fig.  28),  which  projects  beyond  the  secondary  coil 
for  some  distance.  On  this  ebonite  tube  are  slipped,  alter- 
nately, a  series  of  ebonite  discs  and  ebonite  rings,  which  act  as 
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diatance  pieces  aeparatiag  the  diBOS,  and  thus  form  a  serisB  of 
narrow  grooves  or  compartments  in  which  the  seoondaiy  coil 
ia  wound.  The  secondary  coil  is  then  laid  in  these  gioovea, 
each  section  being  carefully  insulated  and  tasted,  and  the 
sereral  sections  joined  up  so  that  no  two  portions  of  the  wii9 
which  come  very  near  t«  each  other  are  at  very  different 
potentials.  Besides  greatly  improvii^;  this  groove  mode  of 
winding,  Mr.  Apps  devoted  attention  to  the  oontaot  breaker. 
He  gave  it  the  form  shown  in  Fig.  29.  In  this  figure  S  is  the 
spring  which  carries  the  hammer  head  H.  The  pillar  A  i» 
perforated  and  bushed  at  m  with  an  insulating  collar,  and  a 
tightening  screw,  N,  serves  to  press  back  the  hammer  springs 
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if  desired,  bo  that  the  platinum  contacts,  c,  c,  are  pressed  more 
tightly  in  contact,  and  the  time  of  vibration  of  the  spriag,  S, 
ia  increased.  This  enables  the  rate  of  break  to  be  altered  even 
during  the  working  of  the  coil.  Mr.  Apps  baa  devised  a  form 
of  multiple  contact  break  whioh  renders  it  possible  to  divide 
the  break  spark  between  several  points. 

It  cannot  be  said  that  any  subsequent  improvements  have 
been  made  which  have  altered  for  the  better  the  mode  of 
coostniction  adopted  by  Mr.  Apps  for  the  constmction  of  the 
indnction  coil  since  his  chief  lai^e  coils  have  been  made. 
Other  makers  have  introduced  little  changes  of  arrangement, 
bat  the  essential  features  in  all  good  coils  remain  the  same,  and 
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^ven'  the  general  form  of  the  coil  is  not  much  varied.  Some 
changes  of  manufacture  have  been  introduced,  such  as  that  in 
Fyke  and  Bamett's  induction  coil  (see  Fig.  30).  In  this  coil 
the  hammer  break  is  erected  on  the  top  of  a  vertically  placed 
coil.  The  hammer  is  mounted  on  a  short  thick  spring  and  is 
rapidly  vibrated  by  an  auxiliary  electro-magnet,  the  exciting  coils 
of  which  are  in  a  shimt  circuit  to  the  main  primary  coil  The 
inain  coil  contacts  are  so  mounted  that  their  normal  position  is 
In  contact,  one  of  them  being  carried  on  a  spring.  The  vibrat- 
ing hammer  in  its  excursion  strikes  against  one  of  these  con- 
tacts and  separates  them  slightly  and  instantaneously,  thus 
interrupting  the  circuit  of  the  primary  coil. 

The  whole  of  the  parts  are  arranged  for  ready  and  rapid 
adjustment.  The  discharging  terminals  of  the  secondary  cir- 
cuit are  arranged  at  the  side  of  the  coil  in  a  convenient  manner. 

§22.  The  Electro-techiiical  Use  of  the  Induction  OcSL 
ShexMurd'B  and  Whitehouse'a  Coils. — ^The  induction  coils  pre- 
viously described  were  all  devised  and  contrived  with  the  object 
either  of  purdy  scientific  applications  or  for  the  purpose  of 
exalting  the  degree  of  the  effects  capable  of  being  produced  by 
the  induction  coiL  Inventors  began,  however,  to  see  in  the 
induction  coil  an  apparatus  which  might  be  applied  for  electro- 
technical  purposes,  and  to  direct  their  attention  to  that  side 
of  its .  development.  Hence  began  a  long  series  of  patents 
for  improvements  in  induction  coils,  which  have  been  growing, 
especially  since  1878,  at  an  ever  increasing  rate.  One  of  the 
earliest  of  these  patents  was  set  out  in  a  long  and  not  very 
lucid  specification  of  Floria  Nollet,  of  Brussels,  communicated 
through  E.  C.  Shepard  to  the  British  Patent  Office,  dated 
No.  13,302  of  1850,  The  nature  of  NoUet's  improvements 
is  not  very  dear  from  his  specification,  but  he  seems  to  have 
had  the  idea  of  using  the  induced  currents  obtained  from 
induction  coils  for  the  purpose  of  producing  the  electric  light 
by  some  kind  of  arc  or  incandescent  electric  lamp.  He  em- 
ployed in  some  cases  flat  spirals  of  thin  metal  as  his  primary  or 
secondaiy  circuits,  and  he  interwound  the  two  circuits  in  a 
manner  afterwards  proposed  by  Gaulard  and  Gibbs. 

In  1855  Whitehouse  obtained  a  British  patent  (No.  2,617  of 
1'855)  in  the  specification  of  which  occurs  a  description  of 
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indnction  coils  applied  for  telegraphic  purposes.  It  is  entitled, 
'*  Improvements  in  electro-telegraphic  apparatus,  parts  of  which 
are  also  applicable  to  other  purposes."  One  section  of  the 
specification  is  on  *' Improvements  in  induction  coils."  The 
secondary  coil  was  to  be  placed  nearest  the  iron  core,  and  was 
surrounded  by  the  primary.  These  coils  were  to  be  used  singly 
or  two  or  more  in  combination,  all  of  them  being  included  in 
the  same  primary  circuit.  The  secondaiy  currents  thus 
obtained  were  stated  to  be  applicable  for  telegraphiCi  blasting 
ordnance,  as  well  as  electro-chemical  purposes. 

Edward  and  Oharles  Bright  took  out  a  British  patent  about 
this  time,  dated  No.  2,103  of  1855,  for  "Improvements  in 
telegraphic  apparatus."  In  their  specification  the  construction 
of  certain  induction  coils  is  described,  the  arrangement  being 
as  follows : — The  primary  coil  was  wound  on  an  iron  rod  and 
surrounded  by  an  iron  tube,  both  being  in  connection  with  the 
iron  flanges  of  the  coil.  The  secondary  coils  were  to  be  wound 
outside  the  iron  tube,  and,  if  necessary,  to  be  surrounded  by 
another  iron  tube  and  an  additional  serving  o^  the  primary 
coil.  It  is  not  very  clear  in  what  respect  this  arrangement 
was  considered  to  be  an  improvement,  for  it  is  certainly  not 
an  arrangement  conducive  to  obtaining  the  greatest  amount  of 
inductive  efiect  in  the  secondary  circuit, 

§23.  Varley's  LnproTomaits  in  the  Induction  CoiL — ^Mr. 

Cromwell  Fleetwood  Yarley  obtained  a  British  patent  in  1856 
(No.  3,059),  in  the  long  specification  of  which  certain  improve- 
ments in  induction  coils  are  described  and  claimed.  These 
improved  coils  were  to  be  applied  for  telegraphic  purposes. 
The  most  remarkable  change  which  Yarley  made  in  the  con- 
struction of  the  induction  coil  was  in  making  the  iron  core  a 
"closed  magnetic  circuit."  The  soft  iron  wires  intended  for 
the  core  were  cut  more  than  three  times  the  length  of  the 
tx>bbuL  After  the  primary  and  secondary  coils  had  been 
wound  on  the  core  the  ends  of  the  soft  iron  wires  were  bent 
back  BO  as  to  overlie  and  enclose  the  windings  (see  Fig.  31)  and 
thus  complete  the  magnetic  circuit  Yarley  also  divided  his  coil 
into  partitions  by  means  of  glass  discs,  winding  the  secondary 
oml  in  compartments  and  joining  up  the  several  coils  so  that  no 
two  adjacent  parts  of  the  wire  were  at  very  different  potentials. 
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In  winding  his  primary  coils  he  proposed  to  use  square 
sectioned  wire  as  being  more  compact.  He  also  proposed  to 
interwind  in  some  cases  the  primary  and  secondary  coils.  He 
deyised  an  ingenious  key  for  not  merely  breaking  the  primary 
circuit,  but  reversing  the  primary  current  in  it  at  the  instant  of 
depressing  the  key.  Yarley  maintained  that  by  so  doing  he 
obtained  a  better  effect.  Although  he  was  probably  the  first  to 
construct  an  induction  coil  with  a  closed  magnetic  circuit 


Fio.  31.— Varley's  Induction  CoQ  (1856),  with  dlofled-otrcuit  divided 

Iron  Core. 


combined  with  a  divided  iron  core,  he  did  not  explicitly  state 
that  this  form  of  core  was  not  the  most  suitable  for  use  with  a 
simple  interrapted  current,  on  account  of  the  superior  magnetic 
retentiveness  of  such  a  circuity  but  must  necessarily  be  employed 
with  a  reversed  or  alternating  current  if  the  best  results  are 
^to  be  obtained.  Yarley,  however,  constructed  the  coil  in  this 
Inanner,  and  was,  as  observed,  probably  the  first  to  adopt  a 
closed  circuit  divided  iron  core  for  an  induction  coiL    Varley's 
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Bpeoial  claims  in  this  specification  as  regards  the  induction  coit 
are  for  **  encasing  induction  coils  with  iron  outside  the  primaiy 
or  primary  and  secondary  wires,"  and  "  placing  a  series  of  thre» 
cxr  more  flat  induction  coils  side  by  side  so  as  to  place  tho 
secondary  wire  for  the  most  part  between  two  primary  wires." 

In  1857,  C.  W.  Harrison  obtained  a  patent  (No.  588)  for 
**  improvements  in  obtaining  Ught  by  electricity,"  in  the  speci- 
fication of  which  he  has  a  few  remarks  on  the  use  of  a- 
secondary  or  induced  current  from  an  induction  coil,  with  or 
without  a  condensing  arrangement,  in  connection  with  & 
primary  current  to  produce  electric  light.  The  primary^ 
current  was  to  give,  motion  to  the  electrodes  and  the  secon- 
dary'current  to  produce  the  electric  light.  He  says  "it  is  pre- 
fered  not  to  break  the  circuit  of  the  primary  current,  but  to- 
reverse  it." 

Morris,  Weare,  and  Monckton  patented  in  1861  (No.  2,661),. 
and  in  1862  (No.  1,516),  certain  improvements  in  induction  coils- 
and  applications  of  them  to  the  production  of  light.  The- 
secondary  discharges  from  induction  coils  were  to  be  passed' 
through  vacuum  tubes  and  illumination  thus  obtained.  These- 
inventors  did  not  do  more  than  enumerate  and  claim  improve- 
ments previously  made. 

§24.  JablochkofTB  Employment  of  Induction  OoUs. — ^In 
1877,  Paul  Jablochkofif  obtained  a  British  patent,  dated  No. 
1,996,  May  22nd,  1877,  for  "a  new  process  of  producing  and 
dividing  the  electric  light  and  apparatus  therefor."  In  this 
specification  he  describes  and  figures  the  use  of  a  number  of 
induction  coils  all  having  their  primary  coils  arranged  in  series 
and  traversed  either  by  an  interrupted  direct  current  or  by  an 
alternating  current,  the  secondary  currents  so  induced  being 
employed  to  maintain,  in  action,  one  or  more  electric  lamps  of 
a  particular  kind,  these  lamps  being  arranged  in  series.  The 
lamps  were  described  as  giving  light  by  the  incandescence  of  a 
piece  of  kaolin  interposed  between,  two  conducting  electrodes. 
fhe  object  Jablochkoff  had  in  view  was  to  "  divide  the  electric 
Ught,"  that  is  to  say,  to  establish  a  number  of  small  and  inde- 
pendent units  of  light.  This  he  considered  he  had  done  by 
the  employment  of  a  nxunber  of  induction  coils  "  placed  on  one 
and  the  same  circuit,"  and  each  generating  from  one  primary 
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current  a  series  of  secondary  currents  employed  to  illuminate: 
one  or  more  electric  lamps.  He  says  in  his  specification :  "  As 
a  great  number  of  induction  coils  can  be  placed  in  the  cireuit^ 
and  as  a  number  of  lamps  may  be  placed  in  the  circuit  of  each 
coil,  it  will  be  seen  that  the  electric  light  is  thus  capable  of 
very  great  subdivision."  The  fact  that  the  closing  or  opening 
of  the  secondary  circuit  of  any  one  coil  of  such  a  series  afifeots 
the  primary  current  through  all  the  rest  does  not  at  all  appear 
to  have  been  present  to  the  mind  of  the  inventor.  An  applica- 
tion for  the  extension  of  this  British  patent  of  Jablochkoff  came 
before  the  Judicial  Committee  of  the  Privy  Council  in  May, 
1891,  but  was  refused  on  various  grounds  (see  The  Electrician^ 
May  15th,  1891,  p.  52).  During  the  hearing  of  this  cabe  it 
was  pointed  out  that  a  communication  describing  fully 
Jablochkoff's  system  of  electric  lighting  by  induction  coils 
had  been  made  to  the  Society  of  Telegraph  Engineers  of 
London,  on  May  9th,  1877,  or  thirteen  days  before  the  date 
of  his  British  specification.* 

§  26.  British  Patents  for  Improvements  in  Induction  OqHb 
granted  in  1878. — In  1878  numerous  patents  were  applied  for 
in  England  for  improvements  of  one  kind  and  another  in  the 
construction  and  technical  use  of  induction  coils.  Wilde  took 
out  a  patent  (No.  1,228  of  1878)  in  which  the  alternating 
currents  from  one  of  his  magneto-electric  machines  were  to  be 
passed  through  the  primary  coil  of  an  induction  apparatus,  the 
secondary  currents  being  employed  for  actuating  telegraphic 
instruments. 

C.  W.  Harrison  in  his  specification  (No.  3,470  of  1878) 
describes  the  employment  of  induction  coils  arranged  in  series 
and  traversed  by  an  alternating  current  of  electricity,  and  the 
utilisation  of  the  secondary  currents  of  the  coils  for  operating 
a  rudimentary  form  of  electric  lamp. 

C.  T.  Bright  filed  a  provisional  specification  (No.  4,212  of 
1878),  in  which  secondary  currents  from  induction  coils  were  to 
be  employed  for  producing  light  by  means  of  discharges  in 
rarefied  gases.  The  primary  coils  were  apparently  intended  to 
be  placed  in  series  with  each  other.    Edwards  and  Normandy  in 

*  See  The  Journal  of  the  Society  of  Tdegrapk  Engineeri,  1877,  p.  306, 
"  On  a  new  form  of  Electric  Light." 
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Aeir  British  specification  (No.  4,611  of  1878)  also  re-patented 
the  employment  of  induction  coils,  having  their  primary  coils 
all  arranged  in  one  series  and  traversed  by  a  rapidly  intermittent 
current,  as  a  means  for  generating  local  secondary  currents  to 
be  applied  to  the  production  of  Ught  by  the  incandescence  of 
metals  and  other  materials.  The  use  of  alternating  currents 
of  electricity  for  the  same  purpose  is  also  indicated.  The 
secondary  circuits  were  to  be  insulated  wires  or  ribbons  of  metal 
or  stranded  conductors. 

In  a  British  patent  (No.  5,183  of  1878),  J.  R  Fuller,  of 
New  York,  travelled  over  very  much  the  same  ground  as 


FiQ(  32.— Fuller'B  Induction  Coil  or  Transformer  (1878). 

Jablochkoff.  He  defines  the  object  of  his  invention  as  being 
to  provide  an  electric  light  adapted  to  all  purposes  and 
divisible  into  snudl  units.  He  constructed  electro-magnets, 
consisting  of  two  soft  iron  magnet  cores,  arranged  parallel 
with  each  other  and  connected  magnetioally  at  the  ends. 
These  electro-magnets  were  to  be  wound  over  with  two  cir- 
cuits, one  a  primary  and  the  other  a  secondary,  in  two  or 
more  sections  {see  Fig.  32).  The  primary  coils  of  different 
magnets  were  to  be  joined  up  in  series  with  each  other  and 
to  be  traversed  by  an  alternating  current  (see  Fig.  33).  The 
secondary  coils  then  become  the  seat  of  induced  currents,  and 
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these  were  to  be  utilised  for  the  production  of  light  by  ara 
or  incandescent  lampi^. 

In  the  Electrical  Review  for  April  1st,  1879  (Vol.  VIIL^ 
p.  117),  there  is  a  further  description  of  J.  B.  Fuller's  mode  of 
employing  his  induction  coils.  This  inventor  had  evolved  & 
whole  system  of  lighting — ^the  generator,  a  lamp,  and  a  meter. 
He  proposed  to  use  two  large  street  mains,  one  of  them 
insulated,  disconnected  at  the  outward  ends.  The  positive 
main  was  to  throw  off  a  branch  wire  into  each  building  to  be 


Fio.  33. — Arrangement  of  Fuller's  Transf ormers  in  Series. 


lighted,  the  wire  entering  the  meter,  performing  a  certain 
service  there,  and  then  returning  to  the  negative  main.  The 
main  current  was  not  to  do  the  lighting,  but  it  was  to  generate 
another  current  in  a  series  of  induction  coils,  and  each  lamp 
was  to  be  lighted  by  the  current  from  one  of  these  coils.  An 
alternating  current  was  to  be  used.  This  ardent  and  ingenious 
inventor  died  (February,  1879)  before  he  could  put  his  plans 
into  action,  but  we  have  in  the  above-mentioned  description  of 
his  work  a  plain  statement  of  the  proposed  plan  of  placing  & 
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series  of  induction  coils  with  primary  coils  in  parallel  between 
two  main  primaiy  lines  and  operating  lamps  off  the  secondary 
43irouit. 

In  a  brief  description  of  Fuller's  induction  coil,  given  in  the 
Electrical  Review  for  April  15th,  1879  (Vol  YIL,  p.  130),  it  is 
stated  that  Fuller  proposed  to  connect  together  the  secondary 
coils  of  his  transformers  in  parallel  or  in  series  according  to 
the  requirements  of  the  lamps  to  be  used.  In  this  article 
there  is  a  drawing  and  description  of  Fuller's  induction  coiL 

It  is  dear  that  Fuller,  like  Jablochkoff,  had  the  notion  that 
an  alternating  current  could  be  passed  through  the  primary 
coils  of  any  number  of  induction  coils  arranged  in  series,  and 
that  the  induction  coils  could  be  made  to  produce  secondary 
•currents  at  different  places,  and  that  each  secondary  current 
could  be  regulated  independently  of  the  rest.  There  is  no 
mention  that  the  iron  cores  are  to  be  of  divided  iron,  but  the 
inventor  recognised  that  different  electromotive  forces  might 
be  generated  in  the  secondary  coils,  according  to  the  degree  of 
fineness  of  the  wire  employed  and  the  number  of  convolutions 
of  the  secondary  coils. 

De  Meritens  obtained  a  British  patent  (No.  5,257  of  1878) 
for  the  same  class  of  invention.  He  proposed  to  employ  an 
alternating  current  which  was  to  traverse  the  primary  coils  of 
a  series  of  induction  coils,  and  to  generate,  in  as  many  coils  as 
desired,  secondary  currents  to  be  locally  employed  in  producing 
electric  light.  The  iron  cores  of  the  induction  coik  were  to 
consist  of  bundles  of  soft  iron  wire,  these  cores  being 
arranged  in  some  cases  so  as  to  form  nearly  dosed  magnetio 
circuits.  Every  one  of  these  inventors  seem  to  have  laid  hold 
of  the  same  erroneous  idea,  namely,  that  a  single  primary 
current  could  produce  at  different  parts  of  its  circuit  any 
required  number  of  distributed  secondary  currents  by  means 
of  local  induction  coils,  each  of  which  could  be  regulated 
independently  of  the  others  and  of  the  primary  current. 
Poggendorfi^  as  we  have  seen,  had  shown,  ezperimentallyi 
and  Maxwell,  in  1865,  theoretically  {FhiL  Trans.  Boy.  Soc^ 
p.  459,  1865),  that  such  would  not  be  the  case,  and  that 
the  closing  of  any  one  secondary  circuit  reduced  the  im- 
pedance of  the  whole  primary  current,  and  conversely  that 
the  opening  of  any  one  secondary  circuit  increased  the  im- 
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pedance  of  the  whole  primary  circuit,  and  thereby  affected 
the  current  flowing  through  all  the  other  primary  coils,  and 
hence  the  secondary  currents  of  all  the  other  coils.  The  vicious 
notion  that  an  unlimited  number  of  induction  coils  could  be 
independently  operated  by  one  and  the  same  primary  current^ 
like  a  row  of  independent  windmills  by  the  same  current  of 
wind,  seems  to  have  been  widely  disseminated  in  the  minds  of 
inventors  in  the  year  1878,  and  even  at  a  later  date  wa» 
revived  again  by  two  more  persevering  pioneers. 

§  26.  J.  E.  H.  Ch>rdon*8  use  of  Induction  Ck>i]8.— In  May, 
1880,  Mr.  Gordon  filed  a  British  specification  (No.  1,826)  for  ap- 
paratus for  producing  electric  Ught.  He  proposed  to  take  advan- 
tage of  the  fact  already  made  known  by  Mr.  Spottiswoode  in 
1877,  and  as  we  have  seen,  by  Sir  W.  Grove  previously  in  IdGS", 
and  many  others,  that  the  alternating  currents  of  a  magneto- 
electric  machine  could  be  employed  to  produce  secondary 
currents  by  means  of  suitable  induction  coils.  The  currents 
from  the  secondary  circuits  of  these  coils  were  to  be  employed 
for  producing  electric  light  by  using  them  to  create  discharges 
between  terminals,  knobs  of  platinum,  or  other  infusible  metals, 
enclosed  in  glass  globes. 

He  says  in  his  specification :  "  I  use  induction  coils  of 
moderate  size  and  place  a  number  of  them  on  the  circuit  of  the 
machine,  either  in  parallel  circuit,  or  in  series,  or  in  a  combina- 
tion of  the  two.'* 

It  is  interesting  to  note,  however,  that,  in  Edison's  British 
specification  (No.  5,306  of  1878)  at  the  end  of  the  provisional 
specification,  he  makes  a  brief  reference  to  the  use  of  induction 
coils  for  electric  lighting,  and  he  says :  "  Induction  coils  when 
used  should  be  placed  with  their  primary  coils  in  a  shunt  from 
the  main  conductors  with  current  shifting  devices,  and  the 
secondary  currents  developed  by  induction  are  used  in  the 
electric  candles."  Hence,  Edison  clearly  explained  the  employ- 
ment of  induction  coils  having  their  primary  circuits  arranged 
in  parallel,  in  a  specification,  which  deals  specially  with  electric 
lighting  by  incandescent  lamps,  also  arranged  in  parallel. 

Mr.  Gordon,  in  his  specification,  gives  details  of  the  induction 
coils  he  would  prefer  to  employ  for  the  purpose  of  his  method 
of  illumination.    They  were  ordinary  Euhmkorff  coils,  with 
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diyided  iron  oores  built  in  sections,  and  operated  by  an 
alternating  current  from  a  De  Meritens  magneto-electric 
machine. 

§  27.  Deivrez's  Experiments  in  1881. — Marcel  Desprez  and 
Jnles  Carpentier  filed  a  British  specification  in  1881  (No.  4,128) 
which  deserres  notice,  in  that  they  proposed  to  employ  induc- 
tion coils  both  for  raising  and  lowering  the  pressure  of  a  current. 
In  other  words,  they  proposed  employing  both  step-up  and  gtep- 
down  transformers.  They  say:  "When  a  quantity  currenti 
proceeding,  for  instance,  from  one  or  more  elements  of  a  Bunsen 
battery,  is  passed  through  the  large  wire  of  a  Ruhmkorfifs  coil, 
high  tension  currents  are  produced  in  the  small  wire,  which  can 
overcome  a  great  resistance,  and  can  consequently  be  conyeyed 
to  a  considerable  distance  without  appreciable  loss  of  power. 
If  this  high  tension  current  be  then  made  to  pass  through  the 
small  wire  of  a  second  coil  at  the  receiving  station,  it  will 
induce  a  quantity  current  that  will  have  nearly  the  same  force 
as  the  quantity  current  acting  on  the  first  coil,  and  which  can 
then  be  employed  for  motive  power  or  other  purposes.  By  this 
means  it  has  been  found  possible  to  heat  to  redness  a  platinum 
wire  situated  at  a  distance  of  several  thousand  yards  by  means 
of  two  Bunsen's  elements,  whereas  it  would  have  required  a 
very  great  number  of  elements  to  obtain  the  same  result  if  the 
oonmiunication  between  the  battery  and  the  wire  had  been 
direct."  In  the  eighth  claim  of  the  specification  this  method  of 
using  two  induction  coils  to  successively  raise  and  lower  the 
pressure  of  a  current  is  claimed. 

§  28.  Gaulard  and  Oibbs  Secondary  Generators. — The  next 
specification  in  order  of  date  connected  with  the  technical  use 
of  induction  coils  is  that  of  Gaulard  and  Gibbs  (No.  4,362 
of  1882).  In  its  original  form,  and  before  it  received  amend- 
ment by  disclaimer,  this  specification  was  remarkable  for  its 
emphatic  repetition  of  the  erroneous  notions  on  the  working  of 
induction  coils  in  series,  previously  prevalent.  These  inventors, 
like  others  who  preceded  them,  had  the  idea  that  an  alter- 
nating current  could  be  passed  through  the  primary  circuits  of 
"an  unlimited  number"  of  induction  coils,  and  that  it  would 
create  in  each  secondary  an  induced  current,  "  without  in  any 
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wa;  modifying  the  value  of  the  primary  current."  The  invea- 
ton  deviBed  a  form  of  ioduotiou  ooil  {lu  Fig.  3i)  wound  over 
with  a  stranded  cable  of  aoTen  insulated  wires,  the  centre  one 
being  the  primary,  and  the  six  others,  united  in  series  or  in 
parallel,  being  the  secondary  circuit.  A  central  sliding  core  of 
divided  soft  iron  was  designed  to  move  in  and  out  and  regulate 
the  induction. 

An  alternating  current  was  to  flow  through  the  primary  and 
excite  on  induced  current  in  the  secondary  circuit.  They  then 
proposed  to  place  one  of  these  coils,  say  every  500  metres,  upon 
a  primary  circuit  50  kilometres  in  length,  and  to  obtain  local 


Fia.  34.— Qaulard  and  GibU  Firet  Inductioa  CoU  (1882). 

secondary  currents  for  electric  lighting  (tee  Fig.  3S).  The 
inventors  were  evidently  under  the  impression  that  this  was  a 
novel  arrangement,  and  in  the  original  specification  they 
claimed  as  new  not  only  the  special  form  of  induction  coil,  but 
also  the  system  of  distribution  and  the  said  use  of  an  t^ter- 
nating  current  with  an  unlimited  number  of  induction  coils. 
This  specification  was  amended  by  disclaimer  on  April  19th, 
1886,  to  claim  only  "  the  employment  of  an  alternating  current 
of  high  tension  for  the  generation  on  a  number  of  tecondary 
gtjteraton  {e.g.,  induction  coUs)  of  induced  currents,  individually 
utilised  either  for  the  production  of  light  or  motive  power." 
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The  special  form  of  induction  coil  was  disclaimed.  An  attempt 
having  been  made  to  set  up  this  patent  as  a  master-patent 
<x>vering  generally  the  distribution  of  electric  currents  by 
means  of  induction  coils  or  secondary  generators,  a  plea  for 
the  annulment  of  this  patent  was  presented,  in  the  month  of 
July,  1888,  to  the  High  Court  of  Justice,*  and  a  reyocation  of 
the  patent  was  granted  and  afterwards  confirmed  in  the  Court 
of  Appeal  and  the  House  of  Lords. 

The  chief  ground  of  annulment  of  this  patent  was,  broadly, 
that  the  disclaimer  had  removed  the  claim  for  the  special  form 
of  induction  coil,  and  by  so  doing  had  vitiated  the  patent  and 
extended  the  scope  of  its  claims.    This  decision  as  to  annul- 


Fig.  35. — ^Arrangement  of  Gkiulard  and  Gibbs  Secondary  Gteneratum 

in  Series. 

cnent  was  subsequently  upheld,  and    the  patent,  therefore, 
became  void  in  1890. 

The  Gaulard  and  Gibbs  Secondary  Generators,  as  they  were 
<»lled,  first  came  before  the  notice  of  the  electrical  world  in 
1883,  at  an  Electrical  Exhibition  held  at  the  Westminster 
Aquarium,  in  London.  Two  induction  coils  of  the  form  shown 
in  Fig.  36  were  exhibited,  by  means  of  which  electric  lamps 
were  lit  by  secondary  currents.  The  primary  current  was  a 
•current  of  13  amperes  derived  from  a  Siemens  alternator,  and 
one  secondary  generator  yielded  a  secondary  current  of  40 


*  In  re  Gaulard  and  Gibbs  Patent  (No.  4,362  of  1882).  Heard  before 
Kr.  Jiutioe  Kekewich,  July,  1888,  and  subsequently  carried  into  the  Court 
of  Appeal  in  1889,  and  to  the  House  of  Lords  in  1890. 
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Binperes,  lighting  incandesoent  lamps,  and  the  other  provided 
Oiirreat  partly  for  iaoaudescent  lamps  and  partly  for  Jablochkoff 
an  candles,  and  for  an  alternating  motor.* 

At  the  time  when  Gaulard  and  Gibbs  exhibited  these  ezperi- 
ments,  no  one  could  be  said  to  have  any  definite  knowledge  on 
the  snbject  of  the  effioiencj  of  an  indoction  coil  as  an  applianos 


Flo,  36.— O&ulud  and  Oibbi  Seoondkiy  Geaentor  (1383). 

for  transforming  energy.  It  was  common  knowledge  that  an 
induction  coil  could  be  used  to  transform  electrical  energy  by 
raising  or  lowering  the  pressure  of  a  current,  changing  a  email 
current  at  high  pressure  into  a  larger  current  at  lower  pressure 

■  See  SlttMtal  £aiiew,  April  21, 1883,  Vol  XIL,  p.  336. 
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bdt  no  one  bad  even  a  rough  idea  of  the  amount  of  energy 
■dissipated  in  this  transformation.  The  general  notion  was 
that  it  was  probably  considerable.  Hence,  Gaulard  and  Gibbs 
deserve  veiy  great  credit  for  the  boldness  and  constancy  with 
which  they  insisted  on  the  practicability  and  efficiency  of  this 
method  in  &ce  of  a  good  deal  of  ridicule  and  doubt.  They 
persevered,  however,  in  pressing  their  method  of  electrical 
distribution  on  the  attention  of  the  world,  although  it  was,  of 
course,  pointed  out  to  them  that  Jabloohkoff  and, Fuller  had,  at 
least  on  paper,  carried  the  project  quite  as  far.  Not  only  did 
they  engage  in  controversy  with  their  opponents,  .but  they 
made  a  further  exhibition  of  their  secondary  generators  on  a 
larger  scale. 

In  the  latter  part  of  1883,  an  experiment  was  tried  on 
the  Metropolitan  Railway.  A  Siemens  alternator  was  put 
down  at  the  Edgware  Road  Station,  and  a  high-pressure  alter- 
nating current  was  led  through  the  primary  circuits  of  a 
series  of  secondary  generators  (see  Fig.  37),  which  reduced 
the  pressure.  The  high-pressure  current  was  transmitted 
through  the  primary  coils  of  secondary  generators  placed 
at  Netting  Hill  Gate,  Gower  Street,  King's  Cross,  and  Aid- 
gate  stations.  The  length  of  the  primary  circuit  was  16 
miles,  and  the  primary  coils  of  the  generators  were  placed 
in  series  upon  it.  Incandescent  and  arc  lamps  were  worked  at 
these  various  stations.  Dr.  Hopkinson  reported  on  this  system, 
and  made  use  of  the  quadrant  electrometer,  in  the  manner  sug- 
gested by  Messrs.  Ayrton,  Fitzgerald,  and  Joubert,  to  obtain 
some  measurements  of  the  electrical  efficiency  of  this  system, 
and  concluded  his  observations  indicated  an  electrical  efficiency 
of  86 — 89  per  cent.*  These  results  were  criticised  by  some 
writers,  and  it  was  considered  that  this  value  was  too  high. 
M.  Hospitalier,  in  particular,  pointed  out  that  the  efficiency  of 
transformation  would  decrease  as  the  load  on  the  secondary 
circuits  decreased,  and  expressed  the  opinion  that  at  half-load 
the  efficiency  would  not  be  more  than  50  per  cent. 

In  the  autumn  of  1884,  at  an  exhibition  at  Turin,  another 
demonstration  was  made  of  the  Gaulard  and  Gibbs  system. 
In  this  case  the  primary  circuit  was  nearly  50  miles  in  length, 

*  See  Report  of  Dr.  Hopkinson,  Eltotrictd  Review,  VoL  XIY.,  p.  262, 
Mai«h  29, 1884. 
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and  had  a  total  reaistance  of   130  ohms.     In  the  Exhibition 
buildings  stood  a  Siemens  alternator,  worked  by  a  30-H.P. 


Tia.  37. — Qftul»rd  and  OiUbe  Secocduj  QonenLton; 

«ngine.  The  primary  line  was  a  chrome  bronze  wire  of  high 
oonduotivi^,  3*7  millimetres  in  thicknesa,  and  carried  od 
iDBul&tora   on  poata.     A  seriea  of  secondary  generators  was 
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placed  OD  thiB  line,  one  being  in  the  Exhibitiim  boildingB,  caw 
at  the  Turin  nilwa;  station,  another  At  tbe  ttaition  Teneilft 


Flo.  38.— Oaulkrd  uid  OHibB  Soundu?  Oecentor  (1884). 

Baole,  and  another  at  Lanxo,  a  small  village  in  the  Alps  of  Sttvoy. 
laoandeeoent  and  arc  lamps  were  supplied  at  these  nrtoa 
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places.  The  Beoondary  generator  here  employed  is  represented 
in  Fig.  38,  and  consisted  of  a  series  of  copper  rings  of  a  shape 
shown  in  Fig.  39 ;  these  were  piled  one  above  the  other  and 
insulated  from  each  other.  This  construction  of  this  secondary 
generator  is  described  in  the  specification  of  Gaulard  and  Gibbe 
(No.  3,173  of  1884)  in  the  following  words  :  ^'According  to  our 
invention,  we  form  the  conductor  for  the  primary  current  and 
the  conductor  in  which  the  induced  current  is  produced,  of  a 
series  of  annular  discs,  slit  across  at  one  part  and  furnished 
with  ear-pieces  at  either  side  of  the  slit,  the  said  ear-pieces 
extending  from  the  outer  circumference  of  the  annular  discs. 


Fio.  29. — ^Ring  or  Disc  of    Gaulard  and    Qibbs   Secondary   Qenerator 

(1884). 

The  conductor  for  the  primary  current  is  made  up  of  a  series 
of  these  annular  discs,  and  the  conductor  for  the  induced 
current  is  made  up  of  another  series  of  these  annular  discs,  the 
two  series  being  so  interlaced  that  the  convolutions  of  the  helix 
formed  by  the  discs  for  the  primary  current  alternate  with  the 
convolutions  of  the  helix  formed  by  the  discs  of  the  induced 
circuit.  An  annular  disc  of  insiQating  material  is  placed 
between  each  convolution  of  the  double  helix  thus  formed,  and 
the  ear-pieces  of  all  the  discs  for  the  primary  current  are 
soldered  together,  and  the  ear-pieces  of  all  the  discs  for  the 
induced  current  circuit  also  soldered  together.    The  double 
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helix  thus  formed  is  provided  with  an  iron  core  and  completed 
as  in  an  ordinarj  induction  coil "  {see  Figs.  40  and  41). 

A  fbrther  specification  for  this  mode  of  construction  was 
filed  in  1884,  viz.,  No.  11,386  of  1884. 

It  is  curious  to  note  that  Gaulard  and  Gibbs  found  that  this 
arrangement  of  interlaced  discs  bestowed  on  the  apparatus  a 


Fia.  4Q.«— Diagram  showing  Mode  of  Connecting  up  Split  Binga  in  the 
Gaulard  and  Gibbs  Secondary  Generator  to  form  Primary  and  Seoondaiy 
CircaitB. 


prejudicial  electrostatic  capacity,  and  to  eliminate  this  quality 
they  resorted  to  the  old  device  of  Callan  and  of  Page,  and 
joined  together  the  primary  and  secondaiy  circuits,  only  they 
effected  this  junction  by  the  intermediation  of  a  coil  of  high 
self-induction  (see  Fig.  42).  This  device  is  described  in  their 
spedficaldon.  No.  11,331  of  1885. 
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RetuTDing  to  the  experiments  at  Turia  Exhibition,  wfl  may 
note  that  the  jury  of  the  exhibition,  including  such  anthoritios 
aa  Tresoa,  Weber,  Ferrini,  FerrariB,  Wartmann,  Voit,  and 
Kittler,  expressed  thsmselvee  satisfied  that  a  rery  novel  and 
importsjit  experiment  had  been  made  in  carrying  current  for 
lighting  over  snoh  a  distanoe  by  meana  of  induction  ooils ;  and 
an  award  of  10,000  franoa  waa  granted  to  the  inventors  for 
Airther  experiment,     Piofl  Galileo  Ferraris  began,  during  the 


Flo.  41. — Dligiam  ■hawing  Mode  of  Connecliafc  up  Split  Ringa  En  Oanlard 
Kod  Qibba  Seconduy  G«iiGrmtor  to  form  a  Spir&l  Circuit, 

exhibition,  a  long  research  on  the  efficiency  of  conversion  of 
these  induction  coils,  and  the  results  of  his  'work  were  fully 
described  in  the  Electrical  Eeview  for  1885,  Vol.  XTI,« 
Prof.  Ferraris  confirmed  the  results  of  Dr.  HopkinsoQ  by 
showing  that  at  full  load  the  efficiency  of  such  a  transfonner 
was  in  the  neighbourhood  of  86 — 69  per  cent.  U.  Pietro  Uzel 
carried  out  ezperimenta  at  Turinf  which  also  confirmed  the 
above  general  results.  He  found  the  efficiency  of  a  small 
Oaulard  and  Gibba  transformer  to  have  a  maximum  value  of 

*  Stt  lUto  "  Alteniate  CurrCDt  Trensfoniier,"  Vol.  I.,  chap.  4,  g  18,  for  m' 
full  MCOuat  of  Prof.  FerrariB'  work. 

t  See  .SIwIriMi  Jifvino,  VoL  XVI.,  p.  366,  March  21,  less. 
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80  per  cent,  when  the  load  was  about  400  watts ;  and  that  of 
a  laiger  sise  to  have  about  90  per  cent,  when  the  load  was 
some  800  watts  or  thereabouts.  He  found  that  the  efficiency 
of  transformation  decreased  both  for  lesser  and  for  greater 
loads.  Prof.  Roiti  also  determined  the  full  load  efficiency^  and 
found  it  to  be  91  per  cent.  •  In  these  Turin  experiments  the 
frequency  of  the  current  was  134 — that  is,  the  number  of 
complete  alternations  was  134.  This  critical  examination  by 
experts  of  these  secondary  generators  had  this  important  con- 
sequence, that  it  compelled  the  attention  of  electricians  to  the 
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Fio.42. — Gaulard  and  Gibbfl  Method  of  Annulling  Capacity  in  TransformerB. 


virtues  and  the  defects  of  the  system  of  transformer  dis- 
tribution, as  illustrated  by  the  apparatus  of  Messrs.  Gaulard 
and  Gibbs.  To  these  inventors  undoubtedly  belongs  the  credit 
of  having  practically  demonstrated  to  the  world,  even  against 
great  opposition,  the  merits  and  feasibility  of  transformer 
distribution  of  electric  energy. 

It  is  a  matter  of  historical  curiosity,  as  illustrating  the 
mysterious  working  of  the  official  mind,  that  the  United 
States  Patent  Office  refused  to  grant  a  patent  to  Mr.  A. 
Bernstein,    in    1883,   for    the    employment  of    transformers 

0 
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intended  to  lower  pressure  and  increase  current^  and  yet  the 
same  office  granted  a  patent  to  Oaulard  and  Gibbs,  in  1886, 
for  the  very  same  thing.  Mr.  Bernstein  thus  states  his 
experience.*  He  sajs  that  in  1882,  being  then  in  Boston, 
n.S.A.,  he  carried  out  a  series  of  experiments  with  induction 
coils,  and  filed,  in  January,  1883,  an  application  for  a  patent 
in  the  United  States  Patent  Office  for  a  transformer  system, 
in  which  a  high  tension  alternating  current  was  to  flow 
through  the  primary  coils  of  a  series  of  induction  coils,  and 
to  be  thereby  transformed  down  into  a  number  of  independent 
low  pressure  currents.  The  application  was  rejected  by  the 
officials  of  the  United  States  Patent  Office,  on  the  ground 
that  "  applicant  should  demonstrate  more  clearly  to  the  office 
the  possibility  of  producing  quantity  currents  from  intensity 
currents  by  means  of  an  induction  coil;  it  is  not  quite 
apparent  how  applicant  in  any  case  can  get  more  quantity 
from  a  secondary  coil  than  he  has  in  his  primary.''  Tet,  in 
October,  1886,  this  same  repository  of  official  omniscience 
granted  to  Gaulard  and  Gibbs  a  United  States  patent,  of 
which  the  first  claim  reads  as  follows  : — 

<*  (L)  The  hereinbefore  described  art  or  method  of  electrical 
distribution  and  conversion,  which  consists  in  establishing  in 
a  closed  electric  circuit  a  current  of  alternate  and  equal 
positive  and  negative  potential,  producing  by  the  influence  of 
such  a  current  an  induction  field  of  alternate  polarity,  and 
thereby  inducing  in  translating  devices  situated  in  an  inde- 
pendent dosed  circuit  traversing  such  field  a  similar  alternating 
secondary  current  of  greater  quantity  and  les8  potential  than  the 
originating  or  producing  current.^* 

Will  anyone  say,  after  this,  and  having  regard  to  Henry's 
experiments  half  a  century  before,  that  official  wisdom  is  to 
be  trusted  in  the  matter  of  granting  or  refusing  patents  % 

%  29.  The  Parallel  Working  of  Transformers. — ^The  defects 
of  the  series  system  of  arrangement  of  transformers  made  them- 
selves evident  during  the  practical  trials  of  Gaulard's  secondary 
generators  on  the  Metropolitan  Railway.  Accordingly,  even 
before  that  date,  attention  was  drawn  to  the  important 
advantages  to  be  gained  by  arranging  the  primary  coils  of  the 

•  See  Z%«  ^Uetrician^  Vol.  XVIII.,  1886,  p.  60  and  p.  566, 


niDuonoN  ooiL  and  tbansfobhxb.  83 

transformer  in  parallel  between  two  oonstant  potential  primary 
mains.  In  June,  1883,  during  the  first  exhibition  of  Oaulard's 
induction  coils,  Mr.  Rankin  Kennedy  pointed  out  clearly  the 
non-independent  character  of  induction  coils  thus  worked  in 
series.*  He  described  an  experiment  he  had  made  illus- 
trating the  already  well-known  fact  that  the  closing  of  the 
secondary  circuit  of  an  induction  coil  reduced  the  impedance 
of  the  primary  circuit.  This,  as  we  have  seen,  had  been 
experimentally  demonstrated  previously  by  Poggendor£^  but 
was  primarily  proved  by  Faraday  t  from  direct  experiment,  and 
shown  by  Maxwell  in  1865  to  be  a  consequence  of  first 
principles.  Mr.  Rankin  Kennedy  urged  «the  objections  to  the 
series  arrangement  of  induction  coils,  a^d  concluded  that  the 
arrangement  of  induction  coils  with  primary  coils  in  parallel 
between  two  constant  potential  loads  would  make  the  system 
of  distribution  self-governing.  He  failed,  however,  as  far  as 
can  be  judged  from  his  letter  in  June,  1883,  to  the  Electrical 
Review^  to  grasp  the  fact  that  the  primary  conductors  could  be 
made  as  small  as  required  by  sufficiently  raising  the  primary 
electromotive  force,  and  employing  step-down  or  reducing  trans- 
formers for  lowering  it  in  the  secondary.  There  was  no  novelty 
In  the  simple  parallel  arrangement  of  induction  coils,  and  trans- 
formers, even  with  primary  coils  arranged  in  parallel  on  a  con- 
stant potential  circuity  are  not  self-regulating,  unless  the  lamps 
or  energy-transforming  devices  are  also  arranged  in  parallel  on 
the  secondary  circuits,  and  also  unless  the  primary  circuit  of  the 
transformer  has  such  high  impedance,  when  the  secondary  cir- 
cuit is  open,  that  the  primary  current  is  practically  reduced  to 
zero  in  consequence. 

These  principles  may  be  rendered  dear  by  considering  the 
two  systems  of  arrangement. 

In  Fig.  43  is  represented  a  series  of  induction  coils  having  their 
primary  circuits  in  series.  If  incandescent  lamps  are  arranged 
in  parallel  on  the  respective  secondary  circuits,  then  turning  on 
the  lamps  of  any  one  transformer  will  decrease  the  secondary 
circuit  resistance  for  that  particular  transformer.  This  will 
decrease  the    impedanoe    of   the    primary  circuit,  and  will 

*  See  Meetrieal  Review,  June  9, 1883,  Vol.  XIL,  p.  486. 
f  ''Experimental  Researches  in  Electricity/'  Vol.  L,  §  1,090  et  ieq., 
Series  IX. 
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therefore  increase  the  series  current.  Such  a  system  cannot 
be  made  self-regulating,  and  changing  the  number  of  lamps  in 
use  on  one  transformer  wiU  always  affect  the  current,  and 
therefore  the  light,  of  aU  the  other  lamps.  If  the  lamps  on  the 
secondary  circuits  are  arranged  in  series,  then,  provided  the 


-o— 


b-^ 


FiQw  42. — Transf  ormen  anranged  in  seriefl,  with  Lamps  in  paralleL 
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FiQ.  44. — ^Tranaformeni  airanged  in  serieB,  with  Lamps  in  aeries. 


FiQ.  45. — Transformers  arranged  in  parallel,  with  Lamps  in  parallel* 


primary  current  is  supplied  from  a  constant  current  alternator, 
so  that  the  primary  current  is  maintained  constant  for  alter- 
ation of  the  impedance  of  the  primary  circuit  over  considerable 
limits,  and  provided  also  that  the  lamps  or  other  devices  are 
arranged   in  series  on  the    secondary    circuits,   the    system 
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becomes  a  practical  one,  and  is  self-regulating  and  independent. 
Such  an  arrangement  is  shown  in  Fig.  44,  and  is  further 
described  in  Chap.  II. 

Again,  if  the  transformers  are  arranged  with  their  primary 
circuits  in  parallel  between  two  mains  kept  at  a  constant 
difference  of  potential,  as  suggested  by  J.  B.  Fuller  in  1878, 
and  if,  moreover,  the  lamps  are  arranged  in  parallel  on  the 
secondary  circuits,  as  in  Fig.  45,  then  a  second  practicable 
system  is  obtained,  provided  also  that  the  impedance  of  the 
primary  circuit  of  each  transformer  when  its  secondary  is  open 
is  great  enough  to  practically  block  out  nearly  all  current  from 
the  primary.  On  this  constant  potential  system  nearly  all  trans- 
former distributions  are  now  made.  The  peculiar  advantages 
are  that  if  the  primary  circuit  of  each  transformer  has  sufficient 
impedance  when  on  open  secondary  circuit,  which  can  be 
secured  by  sufficient  self-induction,  then  the  transformer  takes 
primary  current  just  proportionately  to  the  number  of  lamps 
turned  on  on  the  secondaxy  circuit. 

§  30.  The  Transformer  System  of  Zipemowsky,  D^ri,  and 
BUkthy. — These  advantages  of  the  parallel  constant  potential 
system  were  not  fully  appreciated  and  acted  upon  until  they^ 
had  been  definitely  pointed  out  by  Messrs.  Zipemowsky,  D^, 
and  Bldthy,  of  Budapest.  In  August,  1885,  the  investigations 
of  these  gentlemen  were  made  known  in  a  series  of  technical 
Papers,*  and  in  which  the  reasons  for  adopting  the  paxallel 
mode  of  arranging  induction  coils  were  given  fully,  as  well 
as  descriptions  of  transformers  suitable  for  this  method  of 
working. 

In  the  summer  of  1885,  the  Inventions  Exhibition  was 
held  at  South  Kensington,  and  part  of  the  exhibit  of  the 
Edison  and  Swan  United  Electric  Light  Company  consisted  of 
a  pair  of  10  H.P.  Zipemowsky-DM  transformers  working  in 
parallel  between  a  pair  of  high-pressure  leads,  and  reducing  the 
pressure  from  1,000  to  100  volts.  The  current  for  these  trans- 
formers was  supplied  by  a  self-exciting  alternator,  and  the 
primary  current  was  conveyed  by  a  pair  of  No.  10  B.W.6.  insu- 
lated copper  wires  a  distance  of  800  yards  to  the  place  where 
the  transformers  were  placed.    This  system  was  set  in  operation 

*  See  JSUdrieal  £eview,  Vol.  XVIL,  1885,  pp.  92,  114  140, 163. 
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in  London  m  July,  1885.*  The  transformers  were  closed 
magnetio  circuit  transformers,  and  the  lamps  were  arranged  on 
the  secondary  circuit  in  parallel.  This  was  the  first  occasion  on 
which  transformers  with  their  primary  circuits  arranged  in 
parallel  between  a  pair  of  constant  potential  high  pressure 
mains  were  exhibited  operating  incandescent  lamps,  arranged 
in  parallel  on  their  secondary  circuits.  This  small  installation 
was  worked  throughout  the  summer  and  autumn  of  1885  with 
perfect  success.  From  and  after  this  date  the  system  of 
parallel  working  was  universally  adopted. 

In  September,  1882,  Messrs.  Zipemowsky  and  D^ri,  of 
Budapest,  first  appear  as  British  patentees  taUng  out  a  patent 
(No.  4,535  of  1882)  for  "Dynamo  Electric  Machmes."  This 
specification  relates  to  the  construction  of  a  self-exciting  alter- 
nating current  dynamo,  in  which  a  portion  of  the  alternating 
current  is  rectified  and  utilised  to  excite  the  field  magnets. 
The  armature  coils  are  fixed,  and  a  stellate  electro-magnet 
revolyes  in  the  centre,  taking  up  current  to  energise  it,  which 
is  shunted  from  the  main  current  and  rectified  by  a  commu- 
tator. In  July,  1884,  the  same  inyentors  appear  again  in  the 
British  Patent  Office  lists  as  patentees  (No.  9,982  of  1884) 
of  what  they  call  a  "rotating  secondary  generator."  This 
appliance  consisted  of  an  electric  motor  worked  by  a  high 
tension  current  transmitted  from  a  distant  place,  and  an 
alternate  or  direct  current  dynamo  combined  with  it;  the 
windings  for  the  motor  and  the  generator  part  of  the  machine 
being  on  the  same  armature  core.  The  object  of  this  con- 
trivance was  to  reduce  electromotive  force  by  causing  one 
continuous  current  to  generate  another  alternate  or  direct 
current  at  a  lower  pressure.  In  March,  1885,  Messrs.  Ziper- 
nowsky  and  D6ri  took  out  a  British  patent  (No.  3,379  of  1885) 
for  the  system  of  arranging  transformers  as  inductive  coils, 
with  their  primary  coils  in  parallel,  and  for  a  complete  system 
of  electrical  distribution  and  the  methods  of  regulation  of 
pressure  corresponding  with  it  The  general  scheme  of  their 
system  of  distribution  was  to  form  "secondary  distributing 
stations,"  or  "local  centres,"  as  they  called  them.  In  these 
centres  were  to  be  placed  a  group  of  transformers  or  induction 
coils  having  their  primary  circuits  all  arranged  in  parallel 
*  See  SU9tric<a  X&new,  Augiut  16, 1885,  VoL  XYIL,  p.  163 


IKDUCTION  COIL  AND  TRANSFORMER. 


87 


between  two  primary  maiDS  (see  Fig.  46),  and  their  secondary 
circuits  all  feeding  in  parallel  into  a  common  secondary  net- 
work. The  specification  also  proyides  means  by  which  the 
pressure  at  the  local  centres  onithe  primary  mains  can  be  kept 
constant  by  causing  the  electromotiye  force  of  the  dynamo 
providing  the  primary  pressure  to  be  varied  in  accordance  with 
the  outgoing  current  in  a  manner  fully  described  in  §  5  of  the 
next  chapter.  The  third  claim  of  this  specification  clearly 
describes  the  employment  of  low  pressure  networks  fed  by 
transformers,  which  reduce  the  pressure  in  a  constant  ratio 
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Fko.  46.— Ztpemowsky-Ddri  Method  of  Arranging  Transformers  in  parallel  (1886)« 

from  a  primary  circuit  providing  a  constant  high  pressure 
service  independent  of  load. 

We  come  next  to  their  British  specification  (No.  5,201  of 
April,  1885),  in  which  Messrs.  Zipemowsky,  D^ri,  and  BUthy 
describe  their  first  closed  magnetic  circuit  secondary  generator 
or  transformer.  Up  to  that  date  the  advantages  of  using  a 
dosed  magnetic  circuit  in  alternate  current  transformers  had 
not  presented  themselves  to  their  minds,  and  they  here  describe 
the  form  which  has  been  called  the  "  life  buoy  "  form  of  trans 
former.     The  primary  and  secondary  circuits  of  this  transformer 
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were  composed  of  circular  ooilB  of  iniul&ted  wire  overlaid  oae 
npou  the  other,  and  then  the  two  together  wrapped  with 
iron  wire,  aa  shown  in  Fig.  47,  which  givea  an  elevation  and 
■ectioD  of  the  tranaformer.  This  form  of  transformer  was, 
however,  oonitmotiTely  and  eleotrioallj  on  unadTantageous  one^ 
and  in  a  short  time  ceased  to  be  used. 


16.) 

§  31.  Oloaed  and  Open  Hagnatlo  Oircnit  Transformers. — We 
have  seen  that  Cromwell  Varlej  constructed  induction  coils  in 
which  the  iron  core  formed  a  complete  magnetio  circuit  linked 
with  the  conducting  oirouit,  and  that  Zipemowsk;  and  Diti 
later  on  constructed  a  dissimilar  type  of  closed  magnetic  circuit 
transformer.  TransfbrmeiB  or  induction  coils  may  aooordingly 
be  divided  into  four  classes,  depending  on  the  disposition  at 
the  iron  core.     These  are, 

(i.)  Transformers  with  open  or  incomplete  iron  magnetio 

cirooits. 
(ii.)  Transformen  with  closed  or  complete  iron  magnetio 

circuits, 
(iii.)  The  core  type  of  transformer, 
(iv.)  TheiAcUtypeofti 
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The  last  two  terms,  core  and  shell,  vere  Introdnoed  by  Mr. 
Q.  Kapp,  to  denote  the  differenoe  between  tranafonnera  like 
that  of  Gaulard  and  Oibbe,  in  which  the  iron  forms  tbe  oore  or 
central  portion  on  which  the  wire  windings  are  plaoed,  and 
Uiose  in  which  the  iron  encloaea  the  ooila,  like  a  shell,  aa  in  the 
1886  Zipemowsky  form.  There  are  manj  forms  cf  transformerB 
which  are  as  much  shell  as  oore  transfonners,  and  the  dlTisions 
an  not,  therefore,  sharply  marked. 

§32.  Hopkinsoa's  Patents  for  TrsuBformers. — In  1881  Dr. 
Hopkinson  took  out  a  British  patent  (No.  3,362),  in  which  he 
described  tbe  oonstruotion  of  a  choking  coil,  oonstnicted  with  a 
closed  magnetic  circuit  of  divided  iron,  wound  over  with  ooils 


Fla  4a— HopkiiMon'i  Choking  Cwl  (1881)  with  divided  bxni  Cora. 

of  insulated  wire  (tee  Fig.  46).  This  waa  not  designed  as  a 
transformer,  but  intended  as  an  impedanoe  coil  for  use  with  arc 
lamps  for  the  purpose  of  steadying  and  regulating  the  current. 
It  was  intended  that  more  or  less  of  the  ooils  should  be  thrown 
into  drouit,  as  required,  thereby  constituting  the  device  an 
adjuatable  aelf-induotion  coiL 

Id  October,  1884,  a  speoifioation  was  filed  (No.  U,233),  by 
John  and  Edward  Hopkinson,  for  improTcments  in  tbe  oon- 
struotion and  application  of  induotton  ooils ;  and  in  this  specifi- 
cation they  proposed  to  oonstruot  secondary  generators,  having 
closed,  or  approximately  closed,  tnagnetio  oircuita  of  iron, 
dividad  parallel  to  the  lines  cf  magnetic  force.    The  oonstruotion, 
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aa  Bhown  in  Fig.  49,  only  difTen  from  the  prerioual;  patented 
ohoking  ooil  in  haTJag  two  seta  of  oironits,  primary  and 
seoondaiy,  wound  on  the  divided  iron  core.  They  claim  that 
this  improved  induction  ooil  pOBsessed  advantages  over  others, 
not  only  on  aooount  of  its  great  power  in  oompariBon  with  its 
volume,  but  also  on  account  of  the  small  electrostatic  oapaoi^ 
of  the  coils  in  relation  to  one  another.  The  specification  as 
originally  draws  was  evidently  drafted  on  the  preeumption 
that  such  olooed  magnetic  circuits  of  divided  iron  had  not 
previously  been  used,  but,  as  we  have  seen,  Cromwell  Yarley 
h»d  employed  the  dosed  divided  iron  oirouit  in  an  inductioQ  ooil, 


Fni.  40.— J.  and  E.  HopUiuiai'a  Tnuufonncr  (1B84). 

and  Bopkinson's  patent  was,  therefore,  amended  by  disclaimer 
on  August  21st,  1890,  leaving  in  claims  oovoring  the  general 
ooDstruction  of  secondary  generators  with  closed,  or  approxi- 
mately closed,  magnetic  circuits  of  divided  iron.  Two  forms 
are  figured  in  the  specification,  in  one  of  which  the  primary 
and  secondaiy  coils  ate  wound  on  an  iron  core  after  the  feahion 
ot  a  Gramme  ring,  the  primary  and  secondary  ooils  being 
alternated  and  the  seoondaiy  ooils  coupled  up,  either  in  parallel 
or  in  series,  aooording  to  the  purpose  to  be  served.  In  the 
other  form,  the  primary  and  secondary  coils  are  placed  on  a 
■teught  oore  made  of  a  bundle  of  iron  wires,  the  nukgnetio 
wreuit  being  completed  by  bundles  of  iron  wires  laid  on  outside 
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the  coils  and  brought  into  contact  with  the  oentr&l  core  at  the 
extremities,  fonning  a  closed  indactioii  coil  resembling  the 
arrangement  of  coil  detdgned  bj  Varley  (lee  Fig.  50). 

Prior  to  the  date  of  Dr.  Hopkinson's  patent,  Mr.  Rankin 
Kennedy  says  be  had  employed,  in  an  experiment,  a  closed 
magnetic  oircoit  transformer  having  a  core  of  divided  iron.  In 
a  letter  to  the  EUetrical  Review,  on  Jnne  16,  1883  (Vol  XII., 
p.  506),  be  describes  the  experiment  be  made  with  a  Gramme 
ring,  having  a  core  of  No.  16  B.W.G.  soft  iroa  wire,  and  having 
wound  on  it  sixty  Boctions  of  No.  14  copper  wire.  One  half  oS 
these  aectiona  of  the  copper  ooils  were  connected  up  together 
in  series,  taking  alternate  coils,  and  the  other  half  of  tbe  ooils 
were  also  oonnected  up  in  seties.    Then,  osing  one  aeries  as  a 


Fio.  60.~EopUi]Mi]'i  Ckeed  Magaelio  Circuit  Induction  Ckiil  (1884). 

primary  ooil  and  the  other  as  a  secondary  coil,  he  induced  a 
secondary  onrrent  by  means  of  an  alternating  primary  onrrent. 
Some  measurements  of  the  ratio  of  the  strengths  of  the  pri- 
mary and  secondary  currents  of  this  1  :  1  transformer  led 
him  to  the  conclusion  that  the  Gramme  ring  so  used  formed 
an  efGcient  secondary  generator.  He  pointed  out  that  the 
seotions  of  this  Onunme  ring  could  be  ooupled  up  in  series 
or  in  parallel 

Gaulard  and  Gibba  also  subsequently  bad  suggested  to  tbem 
titat  it  would  be  better  to  employ  a  complete  iron  magnetic 
oironlt.  Hr.Esson  has  stated*  that,  in  1885,  be  advised  Oaulard 
and  Gibbs  to  join  np  the  cores  of  two  secondary  generators  at 
tbe  top  and  bottom,  so  as  to  complete  the  magnetic  circuit. 

•  Proe.  Intt.  ^  SUe.  Bng.,  Vol.  XI.,  p.  202. 


92  THB  HISTORICAL  DEVELOPHBKT   OF  THH 

The;  acted  upon  this  st^gestioo,  and  thus  formed  a  Gramme  ring 
M  used  by  Kennedy.  Mr.  Blithy  baa  also  asserted  that,  in 
August,  1884,  experiments  were  in  prograBS  in  Qaui's  works  at 
Budapest,  whioh  showed  ttie  advantages  of  a  closed  magnetio 
oironit  of  divided  iron.  We  shall  allude  in  a  later  chapter  to 
the  ai^nments  for  and  against  the  open  circuit  type  of  trans- 
fonner. 

In  ooDuection  with  Hopkinson's  patents,  it  may  also  be 
noticed  that,  in  1882,  Dr.  Hopkinson,  in  a  British  specifica- 
tion (No.  3,676),  describes  a  method  of  measuring  the  potential 
at  the  end  of  a  loi^  service  line,  similar  in  principle  to  the 
methods  afterwards  employed  by  Zipernowski,  D^ri  and  Blithy, 
whieh  consisted  in  passing  the  main  current,  or  a  portion  of 
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the  main  current,  through  one  coil  of  the  galvanometer,  the 
other  ooil  being  in  a  shunt  across  the  mains  (ue  Fig.  51). 
In  Hopkinson's  patent  this  method  was  only  described  in 
oonnection  with  continuous  cnrreuts,  but  he  applied  the  device 
not  only  to  measure  the  pressure  at  the  end  of  the  long  supply 
line,  or  feeder,  but  to  preserve  the  pressure  constant  at  the 
end  of  snob  feeder.  This  he  proposed  to  accomplish  by  the 
use  of  a  diSerentially  wound  relay,  this  relay  being  so  adjusted 
that  any  variation  in  the  pressure  at  the  far  end  of  the  feeder 
oould  be  made  to  alter  the  electromotive  force  of  the  dynamo 
attached  to  the  feeder,  by  changing  its  magnetic  field,  or 
altering  the  speed  of  the  motor  in  acme  oonvenient  way.  The 
circuits  on  the  relay  were  respectively  conneoted  in  shunt  and 
in  aeries  with  the  circuit  controlled. 
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§  33.  Further  Improvements  and  Patents  of  Zipemowsky, 
DM  and  BUthy,  in  Transformer  Systems  and  Transformer 
Oonstmction. — In  June,  1886,  Messrs.  Zipemowsky,  DM  and 
BUthy  filed  a  British  specification  (No.  8,040),  in  which  they 
developed,  in  a  very  comprehensiye  manner,  a  system  of  regu- 
lating the  electric  pressure  at  the  extremities  of  the  feeder 
lines,  or  long  supply  lines,  taking  advantage  of  the  principle 
laid  down  in  Hopkinson's  patent  just  referred  to^  and  which  is 
explained  more  in  detail  in  the  next  chapter.  The  object  of 
the  invention  described  in  this  specification  is  thus  given  by 
these  inventors : — 

"The  object  of  this  invention  is  to  regulate  the  strength 
or  the  pressure  of  alternating  electric  currents  by  means  of 
induction  coils  or  transformers.  One  arrangement  is  intended 
to  maintain  a  constant  ratio  between  the  intensities  of  alter- 
nating electric  currents,  having  a  common  source,  or  to  divide 
an  alternating  current  of  given  intensity  into  two  or  more 
branches  of  determined  strength.  If  two  alternating  currents 
from  a  common  origin  are  sent  in  opposite  directions  through 
the  two  bobbins  of  an  induction  coil,  this  coil  will  have  a 
tendency  to  bring  the  intensities  of  the  two  currents  into  a 
ratio  to  one  another  equal  to  the  reciprocal  value  of  the 
ratio  of  the  number  of  windings  of  the  respective  bobbins ;  for 
in  the  bobbin  in  which  there  is  the  larger  number  of  ampere- 
turns,  there  will  be  acting  a  counter-electromotive  force, 
weakening  the  current,  while  in  the  second  bobbin  an  electro- 
motive force  in  the  same  direction  as  the  current  will  tend  to 
increase  the  current.  The  larger  the  mutual  induction  co- 
efficient of  the  two  bobbins,  the  less  Will  be  the  difference 
between  the  ratio  of  the  strengths  of  the  two  currents  and  the 
inverse  ratio  of  the  number  of  windings  of  the  bobbins.  There- 
fore, if  we  desire  to  have  two  alternating  currents  having  a 
determined  ratio  to  one  another,  we  cause  the  currents  to 
traverse  the  bobbins  of  an  induction  coil,  the  number  of 
windings  of  the  said  bobbins  being  in  a  ratio  to  one  another, 
the  inverse  of  the  current  strengths  required.  In  Fig.  52  is 
shown  a  system  of  distribution  in  which  circuit  I  is  such  a 
divided  circuit,  and  the  induction  coil  D  serves  the  purpose  of 
maintaining  the  constant  ratio  in  the  strengths  of  the  two 
branches  of  this  circuit.     The  second  method  of  applying 
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trwuformen  for  the  regulation  of  alternating  currenta  is  when 
alternating  eleotrio  currents  are  distrihuted  in  a  nuinner  to 
maintain  a  constant  pressure  at  the  ends  of  certain  conductors. 
In  such  cases,  the  inyentors  state  they  use  transformers  for  com- 


Fio.  62. 


pensating  the  fall  of  pressure  caused  bythe  resistances  of  the  con- 
ductor between  the  points  of  consumption  and  supply,  that  is  for 
automatically  changing  the  pressure  at  the  source  of  supply  and 
keeping  it  constant  at  the  point  at  which  the  current  istobeused." 
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Broadly  speakiof^  these  regulating  deviooB  vill  be  found  to 
eomdst  in  the  employment  of  ttaneformers,  one  coil  of  which 
ia  in  the  main  drcuit,  and  another  ooil  of  which  ia  a  shunt 
aorow  the  main  oirouit,  the  ourrenta  being  caused  to  flow  in 


opposite  direotioni  round  these  two  coils.     Such  derlces  are 
p^onlarly  useful  in  providing  for  the  supply  of  constant 
[R^sBuie  between  branch  drouita  t«ken  off  at  any  point  in  the 
line  of  a  long  supply  line  of  feeder,  which  is  supplying  current  - 
vaiying  from  time  to  time  at  a  distant  centre,  at  which  centre 
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the  preasnre  has  to  be  mamtained  conBtant.  Such  an  arrange- 
ment of  transformers  is  shown  in  Fig.  53.  One  of  the  claims 
of  this  specification  reads  thus : — 

"  In  distributing  alternating  electric  currents  with  constant, 
or  nearly  constant,  difference  of  potential  in  the  conductors, 
the  combination  with  the  said  conductors  of  induction  coils  or 
transformers,  the  one  bobbin  of  which  is  inserted  into  the  main 
conductor  at  or  near  the  point  where  a  branch  current  is  to  be 
deriyed  from  the  same ;  this  branch  current,  or  the  secondary 
current  induced  by  it,  in  a  transformer,  passing  through  the 
second  bobbin  of  the  induction  coil  in  the  same  direction  with 


Fio.  54.— Sheet-iron  Stampings  for  Zipemowsky-Ddri  Transformers  (1887). 


reference  to  the  iron  core  as  the  main  current  through  the  first 
coil  of  that  same  transformer." 

It  will,  therefore,  be  seen  that,  early  in  1886,  Messrs. 
Zipemowsky,  D^ri  and  BUthy  had  worked  out  in  detail  a 
complete  system  of  electric  supply  by  transformers  on  the 
parallel  system.  Further  reference  will  be  made  later  on  to 
these  systems  of  distribution  of  alternating  currents. 

In  1887  they  took  out  another  patent,  No.  395,  in  which 
they  describe  further  improvements  in  the  construction  of 
transformers.  Abandoning  the  old  life-buoy  shaped  construction 
as  not  very  convenient  in  manufacture,  they  adopted  in  the 
next  place  an  iron  core,  composed  of  stampings  of  sheet  iron  of 
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nriooB  Bh&pw,  built  together  bo  thst  when  iroimd  with  a 
primary  and  seoondary  coil  closed  magnetia  circuits  were 
produoed,     lu  Kme  cases  they  adopted  stampings  of  the  shape 


Flo.  66. — ZiperDowiki-D^ri  Tranafornier  (1887), 

shown  in  Fig.  54,  built  one  upon  the  other,  slits  being 
left  for  the  introduction  of  the  wires,  or  piles  of  iron  stampings 
being  put  in  to  fill  up  the  gaps  in  the  open  ends  of  H-ahaped 
iron  etampingB,  over  which  the  coils  were  wound.     In  other 
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oases,  they  formed  reels  of  iron  tape  wound  up  with  tissue 
paper  between  the  ribbon,  and  if  a  wide  iron  core  had  to  be 
used,  they  preferred  to  form  it  from  a  number  of  narrow 
ribbons  of  iron,  wound  up  together.  Another  form  described 
by  them  in  this  specification  consisted  of  a  shuttle-shaped  iron 
core,  formed  out  of  a  pile  of  iron  stampings,  as  shown  in  Figs. 
55  and  56.  The  primary  and  secondary  coils  were  wound  on 
the  recess  in  the  shuttle-shaped  core,  and  the  magnetic  circuit 
completed  by  surrounding  the  coils  and  the  core  by  a  pile  of 
iron  ring  stampings,  the  whole  being  pressed  together.  In  this 
manner  the  divided  iron  circuit  was  formed,  laminated  in  a 
direction  parallel  to  the  lines  of  magnetic  force.  They 
afterwards  again  adopted  a  kind  of  Gramme  ring  of 
construction  as  described  in  Chap.  II.,  but  latterly,  for 
greater  convenience  of  manufacture  and  repair,  they  have 
returned  once  more  to  a  construction  which  consists  in  putting 
together  two  sets  of  E-shaped  stampings,  having  the  primary 
and  secondary  coils  wound  on  independent  bobbins  and  slipped 
over  the  central  core.  The  two  sets  of  E-shaped  stampings  are 
kept  in  their  proper  position  relatively  to  one  another  by  means 
of  strong  round  backplates,  held  together  by  transverse  bolts. 

Further  specifications  of  Messrs.  Zipemowsky,  D6ri  and 
BUthy,  in  1887, 1888  and  1889,  chiefly  refer  to  the  construction 
of  alternating  current  dynamos  and  alternating  current  motors. 
The  numbers  of  these  British  specifications  are  No.  17,812  of 
1887,  No.  12,856  of  1888,  No.  12,858  of  1888,  and  No.  5,291 
of  1889 ;  the  three  last  refer  exclusively  to  improvements  in 
alternating  current  motors. 

§  34.  BankLn  Kennedy's  Improvements  in  Transformers. — 
Mr.  Bankin  Kennedy  has  taken  out,  since  1886,  numerous 
specifications  for  improvements  in  the  construction  and  applica- 
tion of  the  transformer.  One  of  his  earliest  specifications,  dated 
No.  12,531  of  1886,  describes  a  transformer  made  with  a  shuttle- 
shaped  iron  core,  very  similar  in  construction,  but  anticipating 
in  date,  one  form  just  referred  to  as  designed  by  Zipemowsky^ 
D^ri  and  Bldthy.  Mr.  Bankin  Kennedy  constructed  his  shuttle- 
shaped  iron  core  out  of  a  pile  of  iron  stampings,  insulated  from 
one  another  and  pressed  together,  over  which  were  wound 
the    primary    and    secondary    circuits    (see  Fig.    57).      The 
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Fia.  67.— Bsukiii  Eenuedy's  ShntUe  Tniufarmer(1686). 


Fid.  58.— Rankin  Kennedf'B  Stop-up  TraMformer. 
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magnetio  ciroult  w&a  completed  by  wiading  iron  wires  over  ths 
Bhuttle-Bhaped  iron  ooil,  the  direction  of  Huoh  windings  being 
perpendicular  ta  the  axia  of  the  core. 


Fig.  59.— Kukiu  EeDDed;'B  Pumotti  lUng  Tmutormer  (18G6^ 


FiQ.  60— Rankin  Eeonedy's  Padnotti  fiiog  TranifomiBr  (1686). 

Tn  1886,  Mr.  Rankin  Kennedy  took  out  a  British  patent 
(No.  16,545)  for  a  system  of  distribution,  in  which  the  alternating 
current  was  generated  at  a  low  pressure  by  means  of  alternating 
dynamos ;  the  pressure  was  then  to  be  raised  by  means  of  a 
group  of  station  transformerB,  and  a  high  pressure  secondary 


:.  AND  TRANHroR]ilB& 


101 


current  conducted  to  the  locality  at  which  they  were  to  be  uaed, 
and  the  pressure  again  reduced  by  means  of  local  transformers 
{see  Fig.  5%).  We  have  already  saen  that  Marcel  Despree  had 
employed  indaction  coils  both  to  raise  and  to  lower  the  pressure 
of  the  current  which  is  transmitted  at  a  high  pressure,  in  a 
Bimilar  manner,  before  this  date. 

In  1886,  Mr.  Rankin  Kennedy  patented  other  forma  of 
transformers  (No.  16,201  of  1886),  in  which  closed  iron  circuits 
were  employed,  such  circuits  being  wound  over  with  primary 
and  secondary  circuits.      In  oue  form,  the  number  of  ring- 


shaped  iron  stampings  having  teeth  upon  them  were  piled 
together,  so  as  to  form  a  Paoinotti  armature  ring;  in  the 
inteirals  between  these  teeth  the  coils  were  wound,  the  whole 
being  wound  over  with  iron  wire,  so  as  to  close  the  several 
magnetic  circuits  (m«  Figs,  fid  and  60).  The  claim  made  for 
these  improvements  in  transformers  was  that  they  bestowed  upon 
the  transformer  a  large  coefficient  of  self-induction  when  on 
Open  circuit ;  in  other  words,  they  were  improvementa  directed 
towards  the  construction  of  induction  coils  in  which  mag- 
netuiug  currents,  when  the  transformer  was  on  open  secondary 
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circuit,  should  be  very  small,  or  in  which,  as  the  patentee 
expressed  it,  the  Helf-ind action  should  he  the  maximum,  and 
should  be  useful  and  effective  in  rendering  the  secondary 
generator  so  constructed  self-regulating. 

In  1886,    Mr.  Rankin   Kennedy   patented  (No.   16,326  of 


Fio.  62.— Rankin  Eenaedy'a  Three-wire  Altwnata  Currant  System. 

1S86)  a  system  of  three- wire  distribution,  by  means  of  trans- 
formers, in  which  alternating  dynamos  supply  the  power  to 
transformers  operating  a  three-wire  system  (see  Fig.  61).  He 
also  included  an  arrangement  in  which  high  pressure  alter- 


Fio.  6iS.— RanklD  Eennedy'a  Tnuufonaer  (1887). 

nating  current  dynamos  were  worked  directly  on  a  throe-wire 
system  of  circuits  (lee  Fig.  62). 

In  1887,  the  same  patentee  filed  a  specification  (No.  3,658), 
in  which  other  forms  («e«  Fig.  63)  of  transformers  are  de- 
scribed, oharaoterised  by  arrangements  which  the  patentee 
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oonaidered  would  reduce  the  energy  losses  owing  to  the  mag- 
netisation and  demagnetisation  of  iron.  This  he  proposed  to 
do  by  means  of  a  continuous  constant  current  passing  through 
a  third  coil  on  the  transformer,  the  object  of  which  was  to  main- 
tain permanent  magnetisation  in  the  iron  core.  Apart,  however, 
from  the  energy  which  would  be  dissipated  by  this  constant 
current^  the  device  would  not  achieve  that  which  the  inventor 
no  doubt  supposed  it  would,  of  entirely  annulling  the  energy 
losses  due  to  the  hysteresis  of  the  iron ;  for  the  creation  of  a 
secondary  current  all  depends  essentially  on  a  change  of 
induction  in  the  core,  and  this  change  of  induction  involves 
loss  by  hysteresis,  whether  that  change  be  a  reversal  of  mag- 
netisation, or  only  an  increase  and  a  decrease. 

§  35.  Mr.  8.  Z.  de  Ferranti's  Improvements  in  Transformers. 
— In  December,  1885,  at  the  close  of  the  year  in  which  the 
parallel  working  of  closed  magnetic  circuit  transformers  had 
been  exhibited  in  London,  Mr.  Ferranti  filed  a  specification  for 
"Improvements  in  Electrical  Converters"  (No.  15,141  of 
1885),  in  which  he  described  modes  of  constructing  the  trans- 
former, which  were  a  considerable  improvement  on  existing 
forms.  He  employed  an  iron  core,  made  up  of  narrow  strips 
of  iron  about  lin.  wide,  and  |^in.  thick,  covered  with  paper 
on  one  side.  A  bundle  of  such  strips  is  taken  and  taped 
together  by  shellac  varnished  tape  in  the  middle  of  its  length. 
Over  the  central  portion  of  this  bundle  is  then  placed  a  coil  or 
coils  of  thick  insulated  copper  tape  wire  or  band,  which  forms 
the  low  pressure  circuit,  and  over  these,  and  carefully  insulated 
from  them,  another  series  of  highly-insulated  coils  which  form 
the  high-pressure  circuit.  The  extended  portions  of  the  iron 
strips  or  bands  are  then  bent  back,  half  of  the  strips  in  one 
direction  and  half  in  the  other,  and  folded  over,  so  that  when 
pressed  together  each  strip  forms  a  closed  loop  interlinked  with 
all  the  primary  and  secondary  coils,  as  shown  in  Figs.  64  and  65. 
The  iron  bands  are  pressed  together  and  kept  in  place  by  a  cast 
iron  frame  of  suitable  form.  This  construction  of  inductioo 
coil  will  be  seen  to  be  similar  to  that  of  Yarley  in  its  general 
nature.  Further  details  will  be  given  of  these  transformers  in 
the  spedal  description  of  the  Ferranti  system  in  the  following 
chapter. 
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Two  dajB  after  the  filing  of  the  epecifioation  for  these  trans- 
fotmer^  Mr.  Ferranti  took  out  another  British  patent  (No. 


FlQ.  64,— Ferranti  Truuifuri 


Flo.  65. — Section  of  Ferranti  TnnifomMr. 

16,251  of  11th  December,  188S),  exceedingly  oomprehenUTS 
in  the  variety  and  extent  of  its  claims,  but  which  was  broadly 
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intended  to  cover  a  complete  system  of  transformer  distri- 
bution. This  system  is  that  which  is  now  generally  called 
the  sub-centre  system.  Instead  of  employing  a  single  trans- 
former to  supply  current  for  each  small  group  of  lamps  or 
motors  on  the  premises  of  each  consumer,  the  proposal  is  made 
to  supply  a  system  of  mains  laid  on  the  parallel  system  with 
current  from  the  secondary  circuits  of  a  number  of  trans- 
formers grouped  in  one  conyenient  place.  The  primary  coils 
of  these  transformers  are  connected  in  parallel  between  a  pair 
of  high  pressure  primary  circuits.  This  arrangement  con- 
stitutes a  "  sub-centre."  By  means  of  automatic  switches  the 
transformers  are  to  be  switched  on  or  off  the  high  pressure 
and  low  pressure  circuits  as  the  demand  for  current  varies. 
Further  reference  will  be  made  to  this  system  of  working,  but 
it  will  be  seen  that  the  patentee  had  realized  at  this  date 
clearly  the  serious  loss  of  efficiency  of  distribution  which 
results  from  supplying  distributed  transformers  all  the  twenty- 
four  hours  with  current,  which  passes  through  the  primary 
circuits  even  when  the  secondary  circuits  are  open,  in  virtue  of 
the  fact  that  the  primary  circuit  impedance  cannot  be  made 
infinitely  great  In  common  parlance  there  is  the  all-day  loss 
of  magnetising  current.  The  only  way  to  eliminate  this  loss 
is  to  disconnect  the  transformers  when  they  are  not  furnishing 
secondary  current. 

The  same  specification  includes  devices  for  constructing 
concentric  conductors,  consisting  of  two  copper  tubes  one  inside 
the  other ;  also  for  automatic  devices  for  indicating  "  earth  " 
on  either  conductor.  There  are  10  claims  in  all  to  this  speci- 
fication. The  special  claim  to  the  system  of  sub-centre  working 
is  the  first,  and  reads  thus: — *'The  improved  means  for 
distributing  electric  energy,  consisting  in  providing  high  tension 
mains  and  low  tension  mains,  and  causing  each  low  tension 
main  to  be  fed  from  the  high  tension  main,  through  one  or 
more  oonverters,  which  are  connected  and  disconnected  as 
required." 

§36.  The  Modem  Transformer  since  1885. — Since  1885 
very  considerable  improvements  have  been  made  in  the  design 
of  the  transformer  and  its  construction.  These  improvements 
have  been  in  the  direction  of  so  modifying  the  induction,  coil 
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as  to  make  it  available  as  a  means  of  reducing  or  raising 
electromotive  force  or  currents  in  any  constant  ratio  when  it  is 
employed  with  alternating  currents.  Transformers  are  called 
constant  potential  transformers  when  intended  to  raise  or 
reduce  electric  pressure  in  any  given  constant  ratio.  They 
are  called  constant  current  tran^ormers  when  intended  to  re- 
duce current  strength  in  any  given  constant  ratia  The  first 
is  far  more  widely  used  than  the  second.  With  respect  to  the 
first-named  form,  we  may  say  that  an  ideal  constant  potential 
transformer  would  be  one  which  complied  with  the  following 
conditions : — 

1.  That  when  the  primary  circuit  has  its  terminals  connected 
to  primary  mains  between  which  exists  a  constant  difference  of 
potential,  it  should  exhibit  always  a  constant  difference  of 
potential  between  its  secondary  terminals,  independent  of  the 
secondary  load,  and  greater  or  less  than  that  between  the 
primary  mains  in  a  determined  constant  ratio  called  the 
change-ratio  of  the  transformer.  In  the  one  case  the  trans- 
former IB  called  a  step-vp  transformer,  and  in  the  other  case 
a  step-down  transformer. 

2.  There  should  be  no  waste  of  energy  other  than  that  due 
to  the  resistance  of  the  conductors  or  circuits. 

3.  There  should  be  perfect  and  permanent  insulation  between 
the  primary  and  secondary  coils  and  between  both  coils  and 
the  iron  core. 

4.  There  should  be  no  sensible  electrostatic  capacity  between 
the  primary  and  secondary  coils. 

5.  When  the  transformer  has  its  secondary  circuit  open,  no 
sensible  current  should  flow  through  the  primary  circuit  from 
the  primary  mains. 

6.  The  loss  of  energy  in  transformation  should  be  as  small 
as  possible  at  all  loads. 

No  actual  transformer  complies  with  these  requirements  in 
full.  Actual  constant  potential  transformers  are  more  or  less 
defective  in  having  (i.)  A  variable  change-ratio,  (ii.)  Energy 
losses  in  the  iron  core,  (iii.)  Greater  or  less  imperfection  of  in- 
sulation, (iv.)  Sensible  electrostatic  capacity,  (v.)  Current  flow- 
ing through  the  primary  circuit  and  energy  losses  in  the  core 
when  the  secondary  circuit  is  open,  and  (vi.)  Diminished,  and 
often  greatiy  diminished,  efficiency  of  energy  transformation 
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when  the  seoondary  current  is  diminished  by  reason  of  increase 
of  external  seoondary  resistance. 

The  causes  of  these  defects  may  be  briefly  enumerated  as 
follows : — 

The  change-ratio  of  many  forms  of  transformer  is  depen- 
dent on  the  electrostatic  capacity  of  the  secondary  circuity  and 
is  affected  either  in  the  way  of  increase  or  decrease  by  altera- 
tion of  that  capacity.  This  will  be  more  fully  discusised  in  a 
later  section.  The  change-ratio  of  the  transformer  is  affected 
by  the  changing  load  on  the  secondary.  This  is  due  to  one  or 
both  of  two  causes :  either  to  magnetic  leakage,  or  to  that 
combined  with  the  potential  drop  due  to  the  resistance  of  the 

8ec9ndarif. 
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Fig.  66. — Diagram  illustrating  Magnetic  Leakage  in  a  Transformer. 

secondary  coil  of  the  transformer.  The  lines  of  magnetic  force, 
or,  more  correctly,  of  induction,  which  are  generated  by  the 
primary  current  flow  round  in  the  iron  circuit.  The  opposing 
current  generated  in  the  secondary  circuit,  being  in  almost 
complete  opposition  to  the  primary  current  in  phase,  creates 
an  opposing  magnetising  force  acting  on  the  core.  If  we 
imagine  the  primary  and  secondary  circuits  to  be  wound 
separately  and  on  opposite  sides  of  a  ring  core  (tee  Fig.  66),  it 
is  not  difficult  to  see  that  the  result  of  alternating  currents, 
nearly  opposed  as  they  are  in  phase,  flowing  in  the  two 
circuits,  is  to  partly  neutralise  the  induction  in  the  core  in  the 
part  encksed  by  the  secondary  coil,  and  to  strengthen  it  in 
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the  airwspace  in  the  interior  of  the  core.  Putting  it  in 
another  way,  we  may  say  that  every  line  of  induction  gener- 
ated by  the  primary  current  does  not  link  itself  with  the 
secondary  circuit,  but  some  lines  are  refused  admission  to  the 
secondary  circuit  and  leak  across  from  side  to  side  of  the 
core.  These  lines  are  lost  as  far  as  creating  olectromotiye 
force  in  the  secondary  circuit  is  concerned,  and  are  called  the 
vHzste  magnetic  fielcL  This  waste  field  is  greater,  the  greater 
the  secondary  current.  Hence  it  follows  that  between  full 
secondary  load  and  no  load  there  is  a  fall  in  secondary  electro- 
motive force,  called  the  "drop  due  to  waste  field,"  always 
assuming  a  constant  primary  electromotive  force.  This  drop 
due  to  magnetic  leakage  can  be  reduced  to  a  small  amount  by 
winding  the  secondary  coils  closely  up  amongst,  and  sandwiched 
with,  the  primary  coils ;  and  in  all  well-designed  transformers 
this  "  drop  due  to  leakage  "  should  be  kept  within  2  per  cent, 
of  the  full  load  potential  difference  of  the  secondary  terminals. 
In  addition  to  this,  we  have  another  action  at  work  to  diminish 
the  potential  difference  between  the  secondary  terminals,  and 
that  which  is  due  to  the  resistance  of  the  secondary  circuit,  or 
to  the  internal  secondary  resistance.  This  acts  to  reduce  the 
potential  difference  between  the  secondary  terminals  as  the 
external  secondary  circuit  resistance  decreases,  or  in  proportion 
as  lamps  or  load  is  put  on  when  those  lamps  are  arranged  in 
multiple  arc  on  the  secondary  circuit.  This  fall  in  potential  differ- 
ence is  called  the  "  drop  due  to  resistance,"  and  hence,  as  the 
secondary  circuit  of  a  constant  potential  transformer  is  loaded 
up  with  lamps  in  parallel,  there  is  a  diminution  in  the  potential 
difference  of  the  secondary  terminals,  partly  due  to  drop  due 
to  leakage,  and  partly  due  to  drop  due  to  resistance,  and, 
in  properly  designed  transformers,  this  total  drop  should 
certainly  not  exceed  3  or  4  per  cent,  of  the  fuU  load  difference 
of  potential  between  the  secondary  terminals. 

It  is  never  possible  to  quite  annul  all  drop  in  individual 
transformers,  but,  by  attention  to  design,  the  leakage  drop  can 
be  made  very  small,  and,  by  reducing  the  internal  resistance 
of  the  secondary  circuit,  or  by  making  the  resistance  of  the 
secondary  circuit  small,  the  drop  due  to  resistance  can  be  kept 
within  the  necessary  limits.  In  the  next  place,  modem  trans- 
fofrmers  are  designed  with  the  object  of  making  the  energy 
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loBses  in  the  transformer  as  small  as  possible.  These  energy 
losses  are  partly  due  to  dissipation  of  energy  in  the  copper 
ooils,  called  the  copper  losses^  or  C^R  losses,  and  partly  due  to 
losses  in  the  iron  due  to  magnetic  hysteresis  and  eddy  currents, 
and  called  the  iron  losses. 

The  eddy  current  losses  may  be  kept  small  by  a  proper 
lamination  of  the  iron,  and  by  interposing  thin  paper,  oxide 
paint,  or  some  equivalei^t  insulation,  between  the  thin  strips  or 
plates  of  iron.  It  does  not  appear,  however,  that  this  loss  can 
be  quite  annulled  by  any  amount  of  lamination.  The  hysteresis 
losses  cannot  be  abolished  by  any  degree  of  sub-division  of  the 
iron,  biit  are  inherent  in  the  use  of  iron  itself  as  a  core.  These 
magnetio  hysteresis  losses  are  the  principal  source  of  the  in- 
efficiency of  transformers  at  low  loads,  or  when  no  secondary 
current  is  being  taken  out  of  the  transformer.  One  of  the 
chief  directions  which  research  should  take  is  to  discover  some 
means  by  which  these  hysteresis  losses  in  the  iron  can  be 
reduced  to  a  negligible  quantity,  whilst  still  retaining  the  use 
of  an  iron  core  on  account  of  its  quality  as  a  superior  con; 
ductor  for  lines  of  magnetic  force.  This  matter  will  be  dealt 
with  more  fully  in  a  later  chapter.  The  next  element  of  im- 
perfection is  the  failure  of  insulation  between  the  high  and  low 
pressure  coils.  The  various  methods  of  insulation  in  use  are 
described  in  connection  with  the  various  forms  of  transformers 
in  other  sections;  but,  generally,  we  may  say  that  the  insulation 
and  separation  of  the  high  and  low  pressure  coils  is  effected  by 
the  employment  of  such  materials  as  shellaced  cloth,  asbestos, 
mica,  ebonite,  india-rubber,  vulcanised  fibre,  porcelain,  or  prefer- 
ably by  means  of  fluid  dielectrics,  such  as  resin  oil  or  heavy 
insulating  oils  of  various  characters.  One  cause  of  rupture  of 
the  insulation  is  an  electric  spark  or  arc  between  some  point  on 
the  high  pressure  primary  coil  and  the  low  pressure  coil,  or 
bet^ween  the  high  pressure  coil  and  the  iron  core.  In  the  case 
of  veiy  high  pressure  currents  a  sort  of  glow  discharge  may 
first  be  formed,  which  afterwards  breaks  into  an  arc  at  one  point. 
Also  coils,  either  on  the  high  or  low  pressure  side,  may  become 
short  circuited,  and  thus  form  electric  arcs  or  short-circuits, 
destroying  the  insulation.  Even  if  an  internal  arc  is  not 
formed,  the  short-circuiting  of  coils  will  give  rise  to  internal 
heat,  perhaps  carbonising  the  insulation  and  bringing  about 
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a  fidlure  of  the  tnnsfonner.'  Attention  has  been  paid  again, 
reoently,  to  the  question  of  insulating  by  means  of  'fluid 
insulaton,  as  originally  oanried  out  and  suggested  by  Jean 
and  Poggendorffi  The  advantages  which  a  fluid  insulator  is 
supposed  to  possess  are,  that  when  the  transformer  is  wholly 
immersed  in  it  all  air  and  moisture  are  excluded,  the  formation 
even  at  very  high  pressures  of  glow  discharges  is  greatly  pre- 
vented, and,  even  if  a  spark  does  pass,  unless  the  oil  is  decom- 
posed so  as  to  form  a  conducting  bridge  of  carbon,  the  insulation 
will  generally  be  restored  again  on  the  cessation  of  the  spark. 
Oil  insulation  was  for  many  years  advocated  by  the  late  Mr. 
David  Brooks,  and  has  been  employed  for  transformer  insula- 
tion by  Messrs  Johnson  and  Phillips,  in  England ;  Mr.  Brown,  of 
Oerlikon,  in  Switzerland;  and  the  Thomson-Houston  Ck>mpany, 
in  America.  When  oil  is  used  the  transformer  must  be  enclosed 
in  an  iron  or  stoneware  case,  and,  after  this  is  very  carefully 
dried  and  baked,  the  oil  is  poured  in  hot  so  as  to  exclude  all 
air  bubbles  and  moisture.  The  particular  quality  of  oil  em- 
ployed has  to  be  the  subject  of  examination  and  test  The  oil 
must  be  altogether  free  from  water  or  acid,  and  should  be 
heavier  than  water  and  as  little  inflammable  as  possible.  Heavy 
resin  oil  meets  these  requirements  when  properly  prepared. 
Generally  speaking,  air-spaces  should  not  be  relied  upon  for 
insulation.  Air,  although  in  one  sense  a  very  perfect  dielectric^ 
is  yet  a  treacherous  one.  When  two  conducting  surfaces  are 
at  different  potentials,  say,  of  some  hundreds  of  volts,  and 
insulated  by  air,  a  very  great  tendency  exists  for  the  dark 
discharge  or  glow  discharge  which  is  formed  between  these 
surfiBuses  to  pass  into  an  arc  An  exceedingly  small  electric 
spark  passed  between  such  sur&ces  will  determine  the  formation 
of  an  electric  arc,  and  under  considerable  alternating  pressures 
the  formation  of  an  arc  appears  to  be  promoted  by  the  smallest 
opportunity  for  surface  conductivity  of  the  dielectric,  such  as 
that  a£fbrded  by  the  deteriorated  surface  of  ebonite  under  the 
action  of  air  and  light.  Fibrous  materials,  such  as  cotton  or 
linen,  saturated  with  shellac  varnish,  are  very  hygroscopic,  and 
although  when  freshly  prepared  may  insulate  well,  yet  are  very 
liable  to  deterioration  with  age  and  exposure  to  air.  The  avail- 
able insulating  materials  are  not  numerous,  and,  in  addition, 
their  mechanical  qualities  are  not  very  good.     Probably  the 
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inaalation  of  the  futiue  will  be  found  in  some  liquid  or 
combination  of  liquids  highly  insulating,  not  deoompoeable  by 
heat  or  a  small  spark,  and  applied  so  as  to  assist  in  getting  rid 
of  the  heat  generated  in  the  transformer  coils  and  core. 

Sensible  eleotrostatio  capacity  is  a  quality  of  a  transformer 
which  is  disadvantageous.  Oonsidering  that  a  transformer  con- 
sists of  two  metallic  conductors  separated  from  each  other  by 
a  dielectric,  whilst  yet  in  close  contiguity,  it  is  obvious  that 
such  an  arrangement  must  form  a  condenser,  and  will  have 
some  sensible  electrical  capacity.  The  approximate  electrostatic 
capacity  of  a  transformer  between  the  primary  and  secondary 
coils  is  easily  measured  by  insulating  the  transformer  on  blocks 
of  paraffin  wax  and  then  taking  a  wire  from  one  end  of  the 
primary  coil  and  from  one  end  of  the  secondary  coil,  the  other 
ends  being  well  insulated,  and  determining  the  capacity  existing 
between  these  conductors,  in  the  usual  manner,  by  means  of 
a  ballistic  galvanometer,  battery,  key,  and  standard  condenser. 
Employing  a  standard  one-third  of  a  miorofinrad  condenser,  the 
author  determined  the  capacity  of  a  series  of  transformers  of 
2*5,  5,  10,  15,  20,  and  100  horse-power,  of  a  kind  much  used, 
and  found  the  following  values  in  fractions  of  a  microfarad  : — 


Transformer  Tested. 

Electrostatic  Capacity  in  Microfarads. 

2-5  H.P. 

5        „ 

10       „ 

15       „ 

20       „ 

100       „ 

•0039  to -003 
•0043  „  -0034 
•0097  „  -0086 
•0236  „  -OS 
•033    „   03 
•0026 

Hence  the  capacity  varied  from  ^^th  to  y^th  of  a  microfarad. 
These  numbers  wUl  give  an  idea  of  the  magnitude  of  capacity 
found,  but  of  course  every  different  construction  of  transformer 
will  have  a  different  value  in  this  respect. 

In  September,  1885,  Dr.  J.  Hopkinson  called  attention^  to 
the  danger  which  may  arise  from  the  employment  of  trans- 
formers of  high  electrostatic  capacity.  The  primary  circuit  is 
raised,  either  as  a  whole  or  in  part,  to  a  high  potential  which 
alternates  from  pltts  to  mtrnu  rapidly.     If  the  transformer  is 

*  Phil,  Ma<f,f  September,  1885,  p.  292, 
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being  worked  with  its  primary  ooil  in  series  with  others  on  a  high 
tension  series  circuit,  then  the  primary  coili  as  a  whole,  is  raised 
and  lowered  in  potential  at  each  alternation.  The  electrostatio 
induction  between  the  primary  and  secondary  coils  then  causes 
the  secondary  coil  and  circuit,  if  insulated,  to  be  similarly 
raised  and  lowered,  and  anyone  touching  the  secondary  circuit 
would,  if  standing  on  the  ground,  be  traversed  by  a  current 
and  receive  a  shock,  which  would  be  proportional  in  magnitude 
to  the  capacity  of  the  transformer,  the  frequency  of  the  current, 
and  to  the  potential  of  the  primary  circuit  at  that  point.  This 
condenser  current  would  be,  therefore,  a  current  of  high  poten 
tial,  and  it  might  amount  to  a  quantity  sufficient  to  severely 
injure  or  kill  the  person  touching  the  secondary  circuit.  In- 
formation is  wanting  to  show  what  current  is  in  any  particular 
case  dangerous,  but  it  is  improbable  that  any  person  could 


Fio,  67. 


receive  even  one  third  or  one-half  of  an  ampere  through  vital 
organs  without  its  causing  fatal  consequences. 

If  the  transformer  is  arranged  with  others  on  a  constant 
potential  circuit,  and  if  we  assume,  in  the  first  instance,  that 
both  primary  and  secondary  circuits  are  insulated,  then  a  differ- 
ent state  of  things  exists.  Each  terminal  of  the  primary  circuit 
is  alternately  raised  and  lowered  in  pressure,  and  we  can  repre- 
sent the  state  of  each  point  on  the  primary  circuit  as  regards 
potential  by  representing  it  as  the  ordinate  of  a  straight  line 
which  rocks  about  its  centre  (see  Fig.  67).  The  rise  and  fall  of 
each  extremity  of  the  rocking  line  above  or  below  the  horizontal 
datum  line  represents  the  rise  and  fall  in  pressure  at  each  end 
of  the  primary  circuit.  If,  then,  the  secondary  circuit  is  en- 
tirely insulated,  the  potential  of  this  circuit,  as  a  whole,  will  not 
be  raised  or  lowered,  because  one  end  of  the  primary  is  at  any 
instant  as  much  above  the  earth's  potential  as  the  other  is 
below  it,  and  accordingly  the  secondary  circuit  will  not  be 
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raised  or  lowered  when  taken-  altogether.  Imagine,  however, 
that  one  end  of  the  primary  circuit  is  put  to  earth  and  kept 
at  zero  potential,  then  the  state  of  various  points  of  the  piimaxy 
as  regards  potential  may  be  represented  by  the  ordinates  of  a 
Ihie  which  ropks  about  one  end  (see  Fig.  68).  In  this  case  the 
amplitude  of  motion  of  the  extremity  of  the  line  is  just  double 
that  of  the  extremity  of  the  line  rocking  about  its  centre  for 
equal  angular  displacements,  showing  that  when  one  end  of  the 
primaiy  is  "earthed''  the  mean  potential  of  the  free  end  is 
double  that  which  it  would  be  if  both  ends  were  insulated. 
Under  the  circumstances  the  secondary  circuit  would  receive  a 
condenser  charge,  and  anyone  touching  the  secondary  circuit, 
and  at  the  same  time  making  a  ''  good  earth,"  would  receive  a 
dischaige  current  of  high  potential*    This  condenser  discharge 


Fig.  68. 

could  be  drawn  off  hannlessly  by  "  earthing "  one  end  of  the 
secondary  circuit,  viz.,  that  in  proximity  to  the  earthed  primary 
end.  The  arguments  pro  and  con,  for  these  "  earthing "  and 
fully  insulated  systems  will  be  discussed  under  the  head  of 
^  Transformer  Systems  "  in  the  third  chapter. 

The  next  matter  in  which  the  actual  transformer  falls  short 
of  the  ideal  is  in  insufficiency  of  the  primaiy  circuit  self- 
induction  on  open  secondaiy  circuit.  This  causes  a  very 
sensible  current  to  flow  through  the  primary,  even  when  the 
secondary  circuit  is  open.  This  current  is  commonly  spoken 
of  as  the  "magnetising  current"  of  the  transformer.  The 
only  way  in  which  the  magnetising  current  can  be  kept  small, 
without  undue  increase  in  the  resistance  of  primaiy  circuiti 
is  by  increasing  the  self-induction  of  that  circuity  or  by  in- 
creasing the  frequency  of  the  alternations.    There  are  practical 
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reasons  against  increasing  the  freqaenqy  beyond  a  certain 
limit,  and  there  are  difficulties  of  oonstniction  in  increasing 
the  self-indaction  over  and  above  a  certain  point.  On  this 
point  more  will  be  said  presentlj.  Meanwhile  we  may  say 
that  a  due  attention  to  the  arrangement  of  the  iron  core 
and  the  primary  winding,  combined  with  the  selection  of 
a  suitable  frequency  at  which  to  work,  enables  a  constructor 
to  devise  a  form  of  transformer  which,  for  closed  magnetic 
circuit  transformers  at  least,  is  characterised  by  having  mag- 
netising current  not  exceeding  three  or  four  per  cent,  of 
the  full  load  primary  current. 

Lastly,  actual  transformers  in  use  are  more  or  less  imperfect 
transformers  of  energy  when  employed  at  less  than  full  load. 
Very  approximately  the  matter  may  be  put  in  the  following 
way : — The  total  losses  of  energy  in  a  transformer  are  made 
np  of  the  losses  in  the  copper  circuits,  primary  and  secondary, 
and  the  losses  in  the  iron  core.  There  is  very  good  reason  to 
believe  that  the  iron  losses  are  less  at  full  load  than  at  no 
load,  whilst  of  course  the  copper  losses  are  greater.  Supposing, 
as  a  first  rough  approximation,  that  we  take  the  total  losses 
in  the  transformer  to  be  a  constant  quantity  at  all  loads,  the 
diminution  in  iron  losses  being  compensated  by  increase  in 
the  copper  losses,  then  the  efficiency  of  transformation  is 
the  ratio  of  the  electrical  power  delivered  to  the  external 
secondary  circuit  to  the  electrical  power  delivered  to  the 
primary  circuit.  Accordingly  the  efficiency  of  transformation 
must  be  less  at  low  loads  than  at  full  load,  because  the 
constant  loss  becomes  a  larger  and  larger  fraction  of  the 
total  power  supplied,  as  that  total  power  itself  is  diminished. 
Hence,  arises  a  decrease  of  efficiency  as  the  secondary  load 
decreases. 

This  is  represented  generally  by  an  efficiency  curve  in  which 
the  horizontal  distances  represent  the  load  in  watts  on  the 
external  secondary  circuit,  and  the  vertical  ordinates  represent 
the  percentage  of  the  electrical  power  supplied  to  the  primary 
circuit  which  appears  in  the  external  secondary  circuit  {tee 
Fig.  10,  Chap.  XL).  If  transformers  were  always  used  at  their 
maximum  efficiency,  then  the  practical  efficiency  of  the  device 
as  an  energy-transforming  apparatus  would  be  perfectly  fixed 
by  this  one  figure.    This,  however,  is  not  the  case.     In  one 
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mode  of  eleotrioal  distribution  by  transfonnera,  called  the  "dis- 
tributed transformer"  system,  eaoh  customer  or  user  is  supplied 
vith  current  for  use  for  lighting  purposes  in  his  own  pze- 
mises  from  a  transformer  which  supplies  his  own  light  alone. 
Under  these  circumstances,  not  only  is  it  usual  to  put  him  in 
a  rather  larger  size  of  transformer  than  his  average  require- 
ments, to  meet  his  wants  on  exceptional  occasions,  but  he  takes 
from  that  transformer  his  maximum  current  only  for  a  yeiy 
short  portion  of  the  twenty-four  hours.      Hence  the  dUrday 
or  aU-ffear  efficiency  of    the    transformer    is  a  very  much 
smaller  fraction  than  the  maximum  efficiency.     The  ailryear 
efficiency  of  a  transformer  is  defined  to  be  the  ratio  expressed 
as  a  percentage  between  the  energy  given  out  by  the  trans- 
former to  the  secondary  circuit,  which  is  what  is  paid  for 
by  the  consumer,  and    the    total    energy   supplied    to  the 
transformer  from  the  primary  circuit.     The  all-day  efficiency 
can  be  calculated  from  the  efficiency  curve  and  from  the 
diurnal   load  diagram  of    that  transformer  in  the  manner 
ehown  in  §  4  of  the  next  chapter.    How  far  the  above-named 
defects  and  disabilities  of  the  transformer  are  overcome  will 
be  seen  in  the  detailed  description  of  the  transformers  as 
described  under  the  various  systems  in  use  in  following  sections. 

§37.  Open  and  Olosed  l£agnetic  Olrcnit  Transformers. 
The  "Hedgehog"  Transformer. — In  the  development  of  the 
transformer  for  the  particular  purpose  of  electric  lighting  by 
means  of  local  distributed  transformers,  it  is,  as  we  have  seen, 
of  importance  that  a  transformer  should  have  not  only  a  high 
maximum  efficiency  but  a  high  average  or  all-year  efficiency, 
and  this  can  only  be  secured  by  a  relatively  high  efficiency  at 
low  secondary  IcMuls.  Of  late  years,  controversy  has  arisen  as 
to  the  relative  merits  of  open  and  closed  magnetic  iron  circuits 
in  bestowing  a  high  mean  efficiency  upon  the  transformer.  Mr. 
J.  Swinburne  has  advocated  strongly  a  return  to  the  open- 
circuit  type  of  transformer  as  a  remedy  for  a  low  all-year 
efficiency.  He  has  devoted  himself  to  designing  a  form  of 
transformer,  for  which  he  claims  advantages  in  this  respect. 
This  transformer,  which  he  calls  a  "Hedgehog,"  is  made  with 
a  core  of  soft  iron  wires,  which  are  splayed  or  spread  out  at  the 
ends,  like  a  thistle  head.    The  object  of  this  is  to  reduce  the 

j2 
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magnetic  re^at&noe  of  the  magnetic  oironit.  The  general  form 
of  tliis  transfonner  is  ahowu  in  Fig.  69.  The  inrentor  remarlu 
that,  hj  the  employment  c£  an  open  iron  circuit,  he  makee  it 
obviotuly  possible  to  reduce  the  Tolame  of  the  iron  with  & 
given  indaotdon.  The  mean  length  of  the  iron  part  of  the 
magnetio  otrcuit  being  less,  more  copper  turns  can  be  wound 
on  without  inoreaaing  much  tits  length  of  the  iron  part  of  the 
magnetic  circuit.  Henee  the  loss  in  the  iron  is  reduced,  but 
thai  in  the  copper  is  made  rathw  greater.  The  loss  in  tba 
iron  tells  meat  against  the  effioienoj  of  tbe  tranaformer  at  low 
loada.    The  oonstruotlon  of  this  transfonner  is  stated  to  be  as 


Fio.  69. — Swinbnnie'B  "  Htdgabog  "  TtKiiloraier. 

follows  :— A  gun-metal  casting  forms  the  backbone  of  die  tianS' 
f<»mer.  It  is  croes^hape  in  section,  and  at  one  end  is  spread 
out  to  form  four  legs.  It  also  supports  the  lower  flange,  or 
oheek,  of  the  winding.  The  four  spaces  have  bundles  of  soft 
iron  wire  put  in,  so  that  the  core  is  piaotioallf  cjUndricaL 
The  croes-shaped  core  has  been  criticised  on  the  ground  that 
there  are  Foucault  corrents  in  it.  The  least  consideration  will 
show  that  there  is  no  change  of  induction  in  it,  and  therefore 
no  Foucault  currents.  The  iron  wire  is  bound  tightly,  and  the 
two  flanges  are  slipped  into  place.  A  gun-metal  "  spider  "  is 
tlien  screwed  to  tix  top.  It  ia  finally  held  on  by  the  eye-bolt, 
but  temporarily  a  set  screw  is  used.  The  core  ia  then  wound 
in  a  special  lathe  in  the  usual  way. 
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im  eI«otrl(»l  partionlan  of  a  KO  S-condls-power  Ismp  trans- 
f mncr  ue  u  foUowa : — 

Oon^  13*5in.  long,  2-6111.  diameter.  In  taking  the  area  of 
tlM  ooB^  allowuioe  moat  be  made  for  the  spaos  oooupied  by  tiie 
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backbone,  and  for  Uie  loss  of  room  in  using  round  wirea. 
MftiritiniiTn  induction,  4,800.  Loaa  of  power  in  iron,  assuming 
it  to  be  of  good  quality,  13-5  watts.  Primary,  3,920  turns  of 
copper  vire,  0'042in.  diamet«r;  resistance,  37  ohms  (warm). 
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Secondary,  200  turns,  19/0-042in.;  resiBtanoe,  0*098  ohm. 
Loss  of  power  in  primary  at  fuU  load,  due  to  the  transformed 
current,  21  watts;  loss  due  to  the  exciting  current— 0*3  ampere 
— ^whioh  is  always  on,  3*6  watts ;  loss  in  secondary  at  full 
load,  22  watts.    Efficiency  at  full  load,  96*15. 

This  transformer  is  shown  to  scale  in  Figs.  70  and  71. 

It  is  admitted  that  an  open-circuit  transformer  of  this  kind 
has  a  magnetising  current  considerably  in  excess  of  that  of  a 
closed-circuit  transformer  of  equal  output.  In  the  practical 
use  of  many  transformers  on  a  distribution  system  thia 
becomes  a  serious  matter,  involving  larger  conductors,  and 
lowering  the  "plant  efficiency  "  of  the  system.  The  practical 
question  is  whether  the  gain  in  all-year  efficiency  is  worth 
such  additional  expenditure  in  primary  current  taken  on  open 
secondary  circuit,  or  in  magnetising  current.  At  present  the 
materials  for  settling  this  question  are  not  to  hand.  Argu- 
ments pro  and  con,  are  useless  in  such  a  case.  The  question 
at  issue  is  whether  such  an  open-circuit  transformer  has^  on 
the  whole,  a  less  total  dissipation  of  energy  in  itself  during  a 
year  of  use  than  a  transformer  of  the  closed-magnetic  circuit 
kind  of  equal  maximum  output  similarly  used.  This  question 
can  only  be  decided  by  a  careful  comparison  of  the  efficiency 
curves  of  two  such  similar  transformers,  and  this  has  not  yet 
been  done.  We  shall  discuss  in  a  later  chapter  some  further 
questions  arising  out  of  the  differences  between  the  perform- 
ance  of  open  and  closed  magnetic-circuit  transformers. 


CHAPTER  II 


THE  DISTRIBUTION  OP  ELECTRICAL  ENEROT  BY 

TRANSFORMERS. 

§  L  Traaafbrmer  Byrtems.— The  employment  of  the  alter- 
nate-corrent  transformer  for  electric-ourrent  distribution  has 
changed  in  many  respects  the  practical  possibilities  of  the  supply 
of  electric  energy  for  lighting  purposes  in  large  towns  and  in 
districts  in  which  great  distances,  comparatiTcly  speaking, 
separate  the  centres  of  consumption  and  supply.  By  its  aid 
it  has  become  possible  to  deal  with  problems  in  electric  distribu- 
tion which  are  less  amenable,  or  perhaps,  commercially  speaking, 
unprofitable,  when  attacked  by  other  methods ;  *  and  its  enor- 
mous extension  in  six  or  seven  years  in  Europe  and  in  America 
is  in  itself  evidence  of  the  utility  of  the  method.  In  examining 
the  results  as  a  whole  that  have  been  obtained  by  the  employ- 
ment and  adaptation  of  the  transformer  for  this  purpose,  we 
shall  proceed  to  describe  the  principal  systems  at  work,  and 
the  details  of  the  installations  of  transformer  systems  in  typical 
places  in  which  it  has  established  itself  as  a  fit  solution  of  the 
practical  difficulties  which  there  presented  themselves  to  be 
overcome.  The  systems  now  occupying  positions  of  importance, 
and  on  the  lines  of  which,  in  different  places,  electric  distribu- 
tions of  varying  degrees  of  magnitude  are  being  carried  out, 
are  chiefly  those  connected  with  the  names  of  Ganz  and  Co.,  of 
Budapest,  operating  the  methods  of  Messrs.  Zipemowsky,  D^, 

*  The  aigamentB  jpro  ftod  eon,  in  the  caae  of  alternate  tranaformen  and 
■eeondaiy  batteries  for  central  station  electric  lighting  need  not  be  entered 
into  here ;  but  we  refer  the  reader  to  Mr.  R.  E.  Crompton's  excellent  Pliper, 
and  the  diacuaaion  thereon,  in  the  Journal  of  the  IntUtuHon  of  JSUUrieal 
Xngituert,  Vol.  XVH.,  188B,  and  3^  EUcUHoian,  YoL  XX.,  pp.  634, 665, 
6G4,  748,  and  Y6L  XXL,  pp.  88^  177. 
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and  BUthj;  the  WeatiDghoiue  Eleetrio  Ughting  Company, 
and  the  ThomBon-HouetoQ  Eleetrio  I^ghtii^  Company,  in  the 
United  States,  openting  the  systems  elaborated  by  the  well* 
known  iiiTeiitors  connected  with  them;  In  England,  the  hot 
familiar  Byetems  of  the  London  Eleetrio  Supply  Corpora- 
tion (Mr.  S.  Z.  de  Ferranti),  the  Bmah  Electrical  Engineering 
Corporation  (Ur.  Mordey),  and  the  House-to-HonBe  Eleetrio 
light   Supply  Company  (MeSUs,   Lowrio   and   Hall),     The 


Aa  L — AiT&ngenieiit  of  iltamston,  Sulten,  knd  ^*nrfjrm«M  is  Uw 
Ova  SjHtem  of  Blactrical  DbtributMii. 

ICetropolitan  Eleetrio  Supply  Company  of  London,  employing 
tar  the  most  part  methods  and  nutchinsB  of  the  Weating- 
house  Electric  light  OtsBpaoy,  aa  well  as  Elwell-Farkw 
djnamoe  and  traoBformen,  may  be  ooosideied  aa  a  oonneoting 
link  between  English  and  American  ideas.  This  list  by  no 
means  exhausts  the  namea  of  derignen  or  mannfaotnrers  of 
transfbrmers,  or  of  its  necesaazy  adjunct,  the  alternating 
-dynamo.  Apart  from  efEorta  of  twmeen  we  have  exoallenC 
designs  for  these  separate  elementa  oosuieoted  also  witb  thl 
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names  of  Messrs.  Siemens,  Gramme,  HopUnBon,  Goolden,  Ki^im 
WSde,  Snell,  Swinburne,  Sharp  and  Kent,  Elwell-Parkei; 
B.  Kennedy,  and  many  others ;  bat  the  above-named  six  m 
aeyen  complete  systems  comprise  for  the  most  part  the  best 
known  apparatus  in  wide  use  for  the  distribution  of  eleotario 
energy  1^  transformers ;  and  some  aocount  of  the  machines^ 
appliances,  and  methods  in  use  by  each  respectively,  taking 
typical  examples,  will  now  be  given.  The  order  in  which  they 
will  be  mentioned  has,  however,  no  reference  to  their  historieal 
order  of  development,  nor  to  their  relative  Importance. 

§  2L  System  of  Gaas  (Zipeniowsky,  XMri  and  BlafhyX-^  f 
The  methods  of  transformer  distribution  which  have  been 
elaborated  and  put  into  execution  by  the  inventive  ability^  of 
Messrs.  C.  Zipemowsky,  M.  D^ri  and  0.  T.  Bl&thy,  of  Budapest^ 
liave  enabled  t&e  great  firm  of  GansE  and  Co.  to  establish  a 
special  electric  lighting  departaient  and  to  undertake  on  a.l«r{pB 
scale  the  production  of  all  the  appliances  and  details  which  have 
been  worked  out  into  the  complete  system  which  bears  thei|r 
name.  Nearly  seventy  central  stations  of  different  degrees  of 
magnitude  have  been  set  in  operation  by  them. up  4x)  the 
present  time  (1890),  in  whidi  electric  energy  is  distributed,  tp 
arc  and  incandescent  lamps  from  central  stations,  about  1,000 
arcs  and  100,000  incandescents  in  all  being  supplied.  The 
elements  of  this  system  comprise  (L)  An  altemating-curreivb 
dynamo  machine ;  (ii.)  An  exciting  continuous-current  dynamo,; 
(iii.)  The  alternating  transformers ;  and  (iv.)  Special  regulat- 
ing devices,  which  have  for  their  object  the  maintenance  of  a 
constant  pressure,  irrespective  of  consumption,  at  some  point 
or  points  in  the  distributing  system.  The  system  may  be 
described  as  tk  parallel  system  in  its  entirety, — that  is  to  say, 
the  exciting  dynamos  are  arranged  in  parallel  between  two  ex- 
citing miuns,  the  fidd-magnets  of  the  alternating-dynamos 
being  in  parallel  between  the  same  mains  (<etf  Fig.  1).  The 
armatures  of  the  altematcts  are  arranged  in  parallel  between  a 
pair  of  primary  mains,  workings  if  need  be,  in  step  with  each 
other,  and  the  primary  coils  of  the  transformers  are  all  arranged 
in  parallel  between  the  same  p^huaxy  mains.  The  secondai^ 
circuits  of  the  transformers  are  ammged  in  parallel  with  the 
lamps  between  the   same  secondary  mains.     tHie  exciting 
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dytiamos  are  shunt  dynamos,  and  the  field-magnets  cirouits  of 
these  dynamos  are  also  all  arranged  in  parallel,  and  take  ourrents 
off  the  main  cirouit  of  the  exciting  dynamos,  into  which  the 
armatures  of  the  exciters  are  as  well  all  joined  in  parallel. 
There  is  a  variable  resistance  interposed  in  the  circuit  of  all  the 
fields  of  these  exciters,  by  the  variation  of  which  the  strength 
of  the  exciter  field  can  be  varied,  and  htoce  the  electromotive 
force  of  the  exciters.    The  field-magnet  circuits  of  the  alter- 
nators being  all  joined  in  paraUel  with  each  other  and  with  the 
armatures  of  the  exciters,  it  is  obvious  that  the  variation  of  this 
intercalated  resistance  can  be  made  to  change  the  strength  of 
field  of  the  alternators;  and  hence  the  electromotive  force  of 
these  machines  within  certain  limitB.    The  transformer  circuits 
a^  joined  in  parallel  between  the  primary  and  secondary  mains. 
From  some  point  in  the  secondary  distribution  system,  which 
may  be  called  the  electrical  centre  of  the  network,  a  pair  of 
voltmeter  wires  can  be  brought  badk  to  the  station;  and  by  an 
arrangement  presently  to  be  described,  the  regulating  resistance 
can  be  properly  varied  so  as  to  keep  the  electric  pressure  at  this 
electrical  centre  of  distribution  constant.    Voltmeter  wires,  or 
feeling  wires,  may  be  brought  back  to  the  station  from  more  than 
one  point,  and  tiie  pressure  at  any  one  of  these  points  regulated 
as  the  demand  for  current  requires.     The  variation  of  one 
resistance  controlling  the  field  of  the  exciters,  therefore,  is  able 
to  effect  the  regulation  of  the  electric  pressure  in  the  secondary 
circuits  over  large  areas  of  distribution. 

§  SL  Ckms  Alternator. — Proceeding,  then,  more  particularly 
to  describe  the  elements  of  the  system,  we  take  first  the  alter- 
nator, or  alternating  dynama  The  most  recent  type  of  Ganz 
machine,  called  the  A  type,  is  an  alternator  of  that  class  in 
which  the  fixed  or  stationary  electro-magnetic  portion  consti- 
tutes the  armature,  and  the  revolving  portion  the  field-magnet. 
In  Fig.  2  is  shown  a  perspective  view  of  the  alternator,  and 
In  Fig.  3  face  and  end  elevations.  The  field-magnet  is  a 
stellate  electro-magnet,  keyed  on  the  steel  shaft,  which  is 
the  driving  shaft  In  the  smaller  sizes  this  shaft  carries  the 
usual  pulley  for  belt  or  ropes  keyed  on  outside  the  two 
massive  bearings  which  are  erected  upon  the  bed-plate.  A 
reference  to  Fig.  3  will  also  show  how  this  stellate  magnet 
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ia  OMMtmoted.  A  number  of  V-ahaped  dieet-iron  atampragB 
(Fig.  4,  a)  ore  punolied  out  and  boUt  up,  with  interposed  lamime 
of  paper,  into  the  oorea,  wbiob  are  bolted  in  between  two  iron 
hnba  or  rings  Itayed  into  the  abaft.  Theee  oores  project  Uke 
the  stout  spokes  of  a  rimless  wheel,  and  over  them  are  slipped 
Uie  magnet  bobbim  wound  on  spUt  rinc  frames.  The  bobbms 
sie  kept  in  position  on  the  cores  by  a  head  or  cap  of  gun-metaJ, 
whioh  fiU  on  the  end  of  the  laminated  magnet  core,  and  is 
fiiml;  secured  to  it  by  a  tr»¥er»ng  bolt. 


The  magnet  poles  are  evea  in  number,  varying  from  6  to  10 
aooording  to  the  size  of  the  machine,  and  are  altematdy  north 
aod  eouUi  poles.  Surroundii^;  this  stellate  magnet  is  the  ring- 
shaped  armature  &ama,  formed  of  two  massive  iron  rings  kept 
apart  by  distance  pieces  and  bolted  together.  This  armature 
fiame  oorriee  on  ite  inner  circumferenoe  the  armature  coils. 
These,  like  the  field-magnets,  consist  of  cores  built  up  of  sheet- 
iron  stampings,  T-shaped  (Fig.  4,  e),  whioh  are  held  together 
by  biwue  presfr-plates  and  by  bolts.     On  to  these  cores  am 
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dipped  ihe  armataie  bobbins,  whioh  consist  of  ynloanized  fibre 
friunes,  wound  oyer  witii  highly  insulated  wire.  These  bobbins 
are  joined  up  in  series  in  suoh  manner  that  the  currents  in- 
duced in  each  are  in  the  same  direction,  and  generally  one  half 
of  the  armature  coils  is  put  in  parallel  with  the  other  half,  the 
individual  coils  in  each  half  being  joined  in  series.  In  like 
manner  the  several  magnets  of  the  field-magnet  are  divided 
Into  two  Sets,  the  magnet  coils  in  each  set  being  in  series, 
and  the  two  sets  being  joined  up  in  parallel.  The  clearance 
between  the  polar  faces  of  the  field-magnets  and  the  armature- 
magnets  \b  very  smalL  Each  armature  section  is  thus  complete 
in  itself  and  can  be  removed  or  replaced  in  a  few  minutes.  The 
armature  sections  are  screwed  to  the  distance-pieces  of  the  main 
ring  frame,  but  insulated  from  them  by  intervening  insulating 
pieces.  In  building  up  the  stellate  electro-magnet  core  one 
layer  of  the  V-shaped  iron  stampings  is  first  arranged  in  the 
proper  angular  positions ;  another  layer  is  then  laid  over  them, 
with  paper  between,  but  so  that  the  individual  stampings  of 
the  second  layer  ^  break-joint "  with  those  of  the  first,  and  the 
process  continued  until  the  proper  thickness  is  obtained  (<ee 
Fig.  4,  6).  Strong  iron  press-plates  are  then  bolted  up  so  as 
to  compress  all  this  mass  of  laminated  iron  into  a  star-shaped 
magnet.  The  bobbins  having  been  put  on  the  cores,  the 
slightly  projecting  ends  of  the  cores  are  fitted  with  bronse 
bobbin-holders,  held  on  by  a  bolt  which  traverses  the  laminated 
pole,  in  order  to  prevent  the  bobbins  from  being  thrown  off 
when  the  magnet  revolves. 

In  some  of  the  larger  sizes  of  machines  the  annular  arma- 
ture frame  is  made  to  slide  along  the  bed-plate  in  guide  slots 
by  means  of  a  screw.  By  this  means  the  whole  armature  can 
be  moved  along  laterally,  so  as  to  move  it  off  the  field-magnet, 
and  enable  this  latter  to  be  got  at  easily  for  repairs.  The 
machines  are  made  either  to  be  auto-excited  or  separately 
excited.  In  the  former  case  the  excitation  of  the  field-magnets 
is  effected  by  a  rectified  alternating  current.  This  current  is 
supplied  from  the  secondary  circuit  of  a  subsidiary  transformer, 
whose  primary  is  fed  from  the  armature.  The  alternating 
current  is  rectified  by  means  of  a  commutator  keyed  upon  the 
shaft  of  the  dynamo.  This  commutator  is  made  in  the  following 
ftshion : — On  an  insulating  hub  are  arranged  brass  or  copper 
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oylmdrio  sectjona,  as  many  in  number  h  the  poI»  of  the 
BtellKte  field-magnets.  These  metal  segments  are  insulated 
from  each  other,  and  separated  by  narrower  metal  seotions 
insiilated  on  both  sides  from  the  main  seotions.  (See  F^.  6, 
in  which  the  thick  blaok  lines  represent  tho  insulating  portions, 
nuoa).  The  narrower  sections  aro  all  connected  together,  and 
tho  wider  sections  are  also  so  connected  that  alternate  large 
leotionB  are  in  conducting  oontaot. 

Id  fig.  6  we  imagine  the  cylindrical  surface  of  the  oommu- 
tator  rolled  out  flat,  the  connections  between  the  segments  being 
represented  by  the  firm  and  dotted  lines.  The  brushes  are 
represented  diagrammatically  in  an  oblique  position.  On  oppo- 
site sides  of  the  commutator  there  are  two  purs  of  brushes, 
one  brush  at  each  side  bdng  a  little  in  adranoe  ot  Its  fellow. 


One  set  of  the  wide  sectors,  of  which  a  member  may  be  sup- 
posed to  be  in  contact  with  one  brush,  is  connected  to  the  ex- 
tremities of  the  field-magnet  circuit ;  and  the  alternate  seotors, 
one  member  of  which  is  in  contact  with  a  brush  on  the  oppo- 
site side  of  the  commutator,  are  in  connection  with  the  other 
end  of  the  field-magnet  circuit.  The  alternating  exciting 
current  enters  by  one  brush  and  passes  through  the  field- 
magnet  coib.  As  the  electromotive  fbrce  of  the  field  trans- 
former falls  to  zero  and  then  reverses  sign,  so  the  sectors 
pass  under  the  brushes,  reversing  the  connection  with  the 
ends  of  the  field-magnet  circuit,  and  hence  preserving  the 
current  through  the  field-magnets  always  in  the  same  direc- 
tion. The  use  of  the  second  brush  on  each  side  in  advance 
ol    its  fellow,  and   also  of  the  intermediate  sectors  on  the 
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oommatfttor,  is  to  preT«iit  the  spark  at  the  uutant  when 
the  bruflbw  change  seoton;  and  this  is  achieved  by  oca- 
Oficting  the  bushes  on  the  same  side  of  the  conunatator 
throBgh  a  little  reeistapoe,  one  being  a  little  in  advaaoe  of  the 
other,  bj  an  aTn<"iTit  sufficient  to  place  tlie  one  bnuh  on 
the  iotenuediate  ox  oeubral  sector  at  the  instant  when  its 
fellow  steps  off  the  "liTa"  seotor  just  behind  it.  At  the 
instant,  then,  before  the  ohange  of  connection  is  made  by  the 


MMH  TIRHMALt  OK 


Fio.  b. — Diigimm  n 


bntsheB  leaving  their  reepeotive  seotors  they  are  short-circuited 
by  reason  of  the  fact  that  their  oompamon  brushes  are  on  the 
intermediate  sectors,  whioh  ate  all  in  conducting  connection. 
Hence  the  sparking,  whioh  would  otherwise  exist,  due  to  the 
self-induction  of  the  field-magnet  circuit,  is  kept  under,  and 
the  wear  of  tlie  eonunutator  greatly  improyed.  This  same 
dcTioe  of  a  pair  of  bruahes,  one  having  a  lead  over  the  otho: 
to  atop  sparking,  is  entployed  in  the  Gam  alternating  motor. 
(See  JSUetrieian,  Vol.  XXIV.,   1890,  p.   453.)    The    larger 
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of  the  GanB  alternators  are  not  self-exciting,  but  are  ex- 
cited by  a  continuous  current  from  a  separate  exciting  dynamo. 
In  the  smaller  sizes  (150  horse-power)  of  central-station  alter- 
natoTB  the  magnetising  current  is  conveyed  into  the  alternator 
by  means  of  copper  contact  rings  and  brushes  pressing  against 
them.  In  the  larger  sizes  of  central-station  alternators  (600 
hone-power)  the  exciting  current  is  conveyed  into  the  alter- 
nator by  a  pair  of  flexible  copper  ropes,  weighted  at  one  end, 
and  hanging  over  deeply-grooved  brass  pulleys  insulated  from, 
but  carried  on,  the  main  shaft,  and  which  are  respectively  the 
terminals  of  the  field-magnet  circuit. 

In  all  these  machines  the  magnets  are  so  designed  that  at 
normal  speed  they  produce  a  current  having  5,000  reversals 
per  minute,  or  about  83  per  second,  or  a  "frequency"  of  42 
per  second — ^that  is  to  say,  the  current  has  42  complete  periods 
per  second. 

The  alternators  are  made  in  about  eight  sizes,  varying  in 
output  from  10,000  to  380,000  watts,  as  shown  in  the  follow- 
ing table : — 

Ganz  Alternators, — Type  A. 


Number  ...«•. 

L 

2.      , 

8. 

6. 

6. 

7. 

8. 

Nominal  foU 

) 

load  of  d^- 
fwipo      in 

Uo,ooo 

20,000 

80,000 

60,000 

80,000 

160,000 

380,000 

wattB 

SLICF.      At 

terminale 

involtB  ... 
Bevolntions 

per  minute 
No.  of  Doles 

on      field- 

j 

I  1,000 
\      830 

r      ^ 

2,000 

8S0 

6 

2,000 

626 

8 

2,000 
600 

10 

2;ooo 

860 
14 

2,000 

170 

80 

2,000 

126 

40 

magnet  ... 

Wei^t      of 

machine  in 

11 

17 

8*4 

61 

11-0 

28D 

tons 

Umial     Bale 

) 
) 

full  load  of 
dynamo  in 

\  %wa 

19,900 

28.960 

48,250 

77,200 

154^400 

866,700 

watts 

Conespond- 
ing  none- 

) 

power    re- 
quired   to 
driye    dy- 

\ 15*6 

29*8 

441 

76 

120 

288 

660 

namo      at 
nanal    fnll 
load 

J 
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The  Talaea  here  given  for  output  and  absorbed  povsr  an 
taken  from  o&talogue  figures,  and  must  not,  therefore,  be 
regarded  as  having  the  weight  and  acourac;  which  might  be 
expected  from  careful  independent  tests.  They  are  here  given 
merely  for  the  purposes  of  general  oomparison. 

The  exciting  dynamos  employed  in  connection  with  the  larger 
sizefl  of  machines  are  ordinary  drum-armature  shunt  dynamos 
supplying  current  at  about  100  volts.  The  field-magnets  are 
of  the  well  known  form  of  vertical  single  horse-shoe  type,  and 
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are  illustrated  in  Fig.  7,  and  coll  for  no  special  remarks.  In 
some  cases  of  central-station  work  the  extuters  are  direct- 
driven  by  coupled  engines,  and  in  other  cases  they  are  driven 
by  a  belt  off  the  alternator  shaft.  The  general  practice  is  to 
cause  two  or  three  alternators  to  feed  into  a  pur  of  mains 
which  supply  the  field-magnet  circuits  of  the  altematon 
arranged  in  parallel  across  tlkem.  By  this  arrangement  a 
breakdown  of  one  exciter  does  not  interrupt  the  maintenance 
ot  the  fields  of  the  alternators. 
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S  4.  Qt3ix  Traasformsrs. — Proceeding  next  to  the  tjransfor- 
men,  ve  may  mention,  in  passing,  the  old  life-buoy  shaped 
transformer  of  Zipemowsky  merely  to  point  out  that  it  is  no 
longer  naed  in  practice.  In  that  early  form  the  primary  and 
eeoondary  coils  were  wound  in  circular  coils,  then  laid  together, 
and  wound  over  vith  iron  wire  so  that  the  whole  arrangement 
looked  tike  a  stout  circular  ring.  (Sm  Fig.  8.)  This  form  pos- 
Mssed  a  multiplicity  of  disadvantagea.    The  heat  generated  in 


Fio.  8. — Old  Form  Spemowsky  Tiauaformer  (ISSS),  not  now  aied. 

-the  coite  themselves  eaoaped  with  great  difficulty.  The  mag- 
netio  resiBtaiice  of  the  iron  circuit  was  considerable,  and  any 
damage  to  the  coils  or  insulators  could  only  be  reptured  by 
taking  the  whole  apparatus  to  pieces  with  great  labour.  Hence 
this  type  of  shell  transformer  gave  way  to  a  more  practically 
useful  form.  In  the  latest  form,  a  series  of  sheet-iron  discs  like 
flat  thin  rings  are  stamped  out ;  these  are  built  up  with  inter- 
posed paper  layers  into  a  circular  ring  of  laminated  iron,  having 
■a  square  or  rectangular  cross  section.    These  discs  are  held 

k2 
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together  by  radially  placed  clamping  plates  (see  Figs.  9),  which 
divide  the  ring  core  into  partitions.  The  primary  coils  are 
then  wound  on  the  ring,  covering  it  uniformly,  and  the 
seoGndary  wire  is  put  outside  the  primary.  Iron  discs  top  and 
bottom  enclose  the  core  and  serve  as  supports  for  the  ter- 
minalB  and  fuses.  The  transformer  roughly  resembles  a  water- 
wheel,  and  can  be  rolled  about  easily  when  set  on  edge.  On 
the  top  plate  are  fixed  porcelain  discs,  which  carry  the 
primaiy  and  secondary  fuses,  which  are  short  slips  of  fusible 
metal  contained  in  glass  tubes.  The  transformers  are  made  in 
various  siees,  to  transform  down  generally  to  105  and  52  volts^ 
and  each  secondary  circuit  has  three  terminals  by  which  106 
volts  can  be  taken  off  for  incandescence  lamps,  and  52  volts 
for  arc  lamps.  The  transformers  are  made  in  four  sizes  as 
follows  :— 

Ganz  Tramformers. 


No. 

Output  in 

watts. 

Weight  in 
kilogranunefl. 

Commercial  effidency  at 

full  load  as  gi^en  ifj 

makers. 

1. 

8. 
8. 

4. 

1,876 

8,760 

7,600 

16,000 

70 
110 
180 
290 

92*6  per  cent. 
94-6       „ 
96-6       „ 
96-8       „ 

The  energy  loss  in  magnetizing  the  iron  is  stated  to  be  5*59 
8*5,  2'5,  and  1*5  per  cent,  respectively  at  full  load  in  the  Na  1, 
2,  3,  and  4  sizes,  and  the  energy  loss  in  the  copper  is  put  at  2 
per  cent.  The  primary  coils  are  wound  to  receive  current  at 
'QOO,  1,800,  2,700,  and  3,600  volts  respectively  in  the  four  sizes, 
and  to  transform  it  down  to  105  and  52  at  the  chief  and  inter- 
mediate terminals  on  the  secondary  circuit.  The  relation 
between  commercial  efficiency  to  the  corresponding  load  on 
the  secondary  circuit  in  watts  is  given  by  the  efficiency  curvoi 
as  shown  in  Fig.  10. 

This  curve  is  given  only  on  the  authority  of  the  mann* 
ikotnrers,  but  its  general  accuracy  is  probably  sufficient  fot 
the  purpose  of  reckoning  the  efficiency  of  the  transformer  at 
Various  loads.  It  has  been  confirmed  fairly  well  by  the  inde^ 
pendent  tests  made  by  the  Frankfurt-am-Main  Committee  lA 
1890«     This  committee  found  that  the  latest  pattern  of  Gam 
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txaosfonaer  had  at  full  load  an  effioiency  of  90  to  96  per  oent^ 
at  half-load  93  to  94,  at  quarter  load  90,  and  at  eighth  load 
80  per  oent.  efficiencj'.  {The  SUetridan,  Vol.  XXIV.,  189(^ 
p.  439.)  The  experimenta  of  U.  A.  A.  Roiti,*  to  bo  again 
referred  to  later  on,  have  also  ahonn  the  effioiency  at  full  land 
of  a  3,800-watt  GatiB  transformer  to  be  from  94  to  96  pat 
oent. ;  but  ne  defer  to  another  chapter  the  full  diaousaiou  of 
the  methods  by  which  theso  values  have  been  arrived  aL  It 
is  desirable,  however,  to  make  here  a  brief  reference  to  eotne 
misleading  conceptions  which  often  aurround  the  question  of 
the  efficiency  of  transformers  in  practical  use.  It  has  been 
frequently  pointed  out  that  there  is  a  great  differenos  betweok 


Fm.  10. — ESciency  Curve  of  Gimz  Transforinor,  abonring  attideuoy  in  per 
cant!  in  Urmi  of  aacoaiaxj  toad. 

the  tJUtantaneou*  effideacy  of  a  transformer  at  any  moment, 
and  tho  mean  efflnency  over  any  period  suoh  ns  24  hours, 
during  which  it  is  loaded  to  very  various  degrees.  The  differ- 
ence between  these  efficiencies  may  be  considerable,  the  mean 
effioiency  being  often  very  much  less  than  the  maximum 
efficiency,  and  depending  on  the  way  in  which  the  trausfonuer 
is  used.  Given,  however,  a  definite  load  curve — that  is,  a  curve 
showing  the  load  in  watts  on  the  eecondary  of  the  transformer 
•t  short  intervals  of  time  daring  the  day,  and  an  effioiency 
carve  such  as  that  in  Fig.  10 — the  mean  efficiency  may  bt 
deduced  as  follows  :— 

*  See  £a  Lumiirt  iUclrique,  Uorch  16, 1890,  Vol  XXXV.,  p.  52& 
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■  I«t  die  ordinates  of  the  firm-line  onrro  in  Kg.  11  represent 
the  Mooqdary  load  in  wattB,  or  the  lamp-load  on  the  tran»- 
fonner,  at  the  various  hours  of  the  day.  Increase  each  hourly 
ordinate  of  thia  curve  in  the  ratio  of  100  to  the  number 
denoting  the  effioienoy  of  the  tranaformer  corresponding  to 
the  actual  secondary  load  at  that  hour,  jfUoh  can  bo  done 
from  the  efficiency  curve  giving  the  relation  between  effioienoy 
aod  seoondaiy  load.  Also  if  at  any  hours  the  sooondHry  cir- 
cuit is  open  and  the  secondary  load  therefore  zero,  ordinatee 
most  be  wt  up  1^  these  points  on  the  same  scale  prqwrtional 
t<H  and  representing,   the  power  in  watts  absorbed  by  tbo 


Fu,  IL— S  (Cm  lin«}  it  a  oarre  abowiiig  hourly  mifttioa  of  load  on 
aseondMT  circuit  in  mtU.  P  (dotted  line]  ii  m  cuttb  ihowliig 
eotmpoDdiiiK  nmtion  ot  wfttt*  mpplied  to  primuy  drcuib 

transformer  when  the  secondary  oireuit  is  thus  open.  IjCt 
the  new  higher  ordinates  define  a  curve  shown  by  the 
dotted  line.  Then  the  ratio  of  the  whole  areas  inclnded 
respectively  between  the  two  curves,  firm  and  dotted,  the 
base  line,  and  the  bounding  vertical  lines,  is  a  fraction  which 
denotee  the  mean  effieieney  of  the  transformer  during  the 
twenty-four  hours.  If  the  load  diagram  varies  from  day  to 
day,  a  further  comparison  of  the  daily  mean  efficiencies  must 
be  made  to  obttun  the  real  average  mean  over  any  period  of 
time,  such  as  a  year.  It  follows  that  a  high  efficiency  at  full 
k>ad  will  not  give  a  high  mean  efBcienoy  unless  the  efOoienoy 
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«arvB  of  the  trandormer  rises  from  lero  very  nipidlf  to  it* 
gmteet   ordinato.    A  traiufbrmer   may  have  a  veiy  high 


flffideiu^  at  foil  load ;  but  if  it  abaorbs,  vhen  the  aeoondaiy 
^  urcait  is  open,  a  Beniiihie  -amount  of  power,  and  stands  idle 
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twenty  honn  out  of  twenty-^four,  itB  real  commeroial 
may  be  brought  down  easily  to  50  or  60  per  cent,  or  len. 
Further  remarks  on  the  bearing  of  this  fact  on  the  eoononqf 
of  working  of  transformer  stations  will  be  reserved  until 
later.  In  central-station  work  done  by  this  firm  the  7'5 
unit,  or  7,500  watt  transformer,  is  a  very  favourite  size. 
The  usual  practice  with  Messrs.  Ganz  and  Co.  is  to  ^'bBuk** 
a  number  of  transformers  when  a  large  secondary  out- 
put is  required,  so  arranging  them  that  the  primary  circuits 
are  all  in  parallel  between  the  primary  mains  and  the  secondarj 
oiicuits  all  in  parallel  with  the  secondary  mains,  and  then  to 
connect  or  disconnect  transformers  according  as  a  larger  or 
smaller  output  is  required*  In  placing  the  transformers  four 
methods  are  adopted.  The  transformer,  when  one  only  is 
required  at  a  place,  can  be  placed  on  a  shelf  enclosed  in  a 
weather-tight  iron  box  (see  Fig.  12),  or  it  may  be  perched  up 
on  an  iron  pole  like  a  dovecot,  an  ornamental  form  being  given 
to  the  transformer  case  ($ee  Fig.  13),  or  it  may  be  buried  in  a 
watertight  iron  box  ($ee  Fig.  14),  or  some  small  fireproof  dry  room 
in  the  building  to  be  supplied  with  current  may  be  set  apart  as 
«  transformer  house,  in  which  the  transformers  are  arranged 
on  porcelain  insulators,  on  stone  or  wooden  shelves,  or  resting 
on  iron  rails.  This  latter  plan  has  much  to  recommend  it  in 
the  facility  it  afifords  for  getting  at  the  transformer.   . 

§5.  Steesnre  Begnlating  Devioee. — If  an  alternating-current 
4ynamo  is  supplying  curreht  to  a  group  of  distant  transformers 
through  a  cable  laid  between  the  localities,  and  if  the  load  on 
the  secondary  circuits  of  the  transformers  varies,  then  the 
primary  current  flowing  through  the  supply  conductor  will  vaiy 
also.  In  order  that  the  electric  pressure  at  the  terminals  of 
the  secondary  circuits  of  the  transformers  may  be  kept  constant 
in  value,  it  is  sufficient  and  necessary  that  the  pressure  between 
the  primary  terminals  of  the  transformers  be  maintained  at  a 
oonstant  value.  Assuming  that  the  primaries  of  the  trans- 
formers are  arranged  in  parallel  between  the  primary  conductors, 
it  follows  that  whatever  may  be  the  variation  in  the  primary 
current,  the  pressure  between  the  terminals  of  the  primaries  of 
.  the  transformers  must  remain  the  same.  If  the  resistance  of 
,  4he  cable  is  B  ohms,  and  its  self-induction  negligible,  and  if  V 
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1a  the  potential  difference  between  the  terminals  of  the  altera 
jiator,  and  v  is  the  potential  difference  between  the  terminals 
of  the  primary  coils  at  the  far  end  of  the  cable,  then  the  current 
in  the  cable  in  amperes  is  approximately  equal  in  magnitude  to 

-rg—  —C.   Hence, wehavev—V-GB^andifvistobekeptcon- 

btant,  then  it  follows  that  as  the  strength  of  the  primary  current 
G  irariee,  the  potential  difference  at  the  terminals  of  the  alternator 

-mtist  vary  also,  but  so  that  the  quantity  Y  -  C  R  remains  con- 
stant in  value*    The  pressure  at  the  terminals  of  the  alternator 

'  must  therefore  not  be  maintained  constant,  but  fluctuate  with 
every  change  in  the  load  on  the  transformers  at  the  far  end  of 
the  cable.  It  has  already  been  pointed  out  that  with  the  arrange- 
ments adopted  by  Messrs.  Ganz  and  Go.,  this  can  be  achieved  by 
te^gulating  the  strength  of  the  field-magnet  current  of  the  exci- 

'  ters ;  and  MM.  Zipemowsky,  D^ri,  and  BUthy  have  devised  an 
exceedingly  ingenious  method  for  regulating  automatically  the 

magnetising  current  of  the  exciters,  in  such  a  manner  that 
the  quantity  Y-GR  is  kept  constant  for  all  values  of  the 
secondary  loads.  The  arrangement  adopted  is  called  an  auto- 
matic regulator,  and  is  placed  in  the  central  station  in  some 
convenient  position.  It  is  diagrammatically  represented  in 
Fig.  15.  A  is  the  alternator,  and  L^  L^  the  primary  leads, 
or  cable  prpceeding  out  from  the  station.  In  some  conve- 
nient position  in  the  station  are  placed  two  transformers,  T^  and 
T],  called  respectively  the  Shunt  and  the  Series  Transformers. 
The  primary  circuit  of  the  transformer  Tj  is  placed  in  parallel 
across  the  leads  L^  Lj,  and  the  primary  of  the  transformer  T^ 
is  placed  in  series  in  one  of  the  leads  L^  The  secondary  circuit 
of  T,  is  closed  through  a  suitable  resistance,  R,,  and  the 
tocondaiy  circuit  of  Tj  is  closed  through  a  solenoid,  S,  and  re- 
sistances T,  Rj  and  R^  as  shown ;  the  transformers  Tj  and  T^ 
being  so  joined  up  that  the  secondary  electromotive  forces  in 
T^  and  T,  oppose  one  another  as  far  as  producing  a  current  in 
the  solenoid  S  is  concerned*  The  potential  difference  between 
the  secondary  terminals  e  and  d  of  T^  is  proportional  to  the 
potential  difference  Y  between  the  tenninals  of  the  alternator. 
The  potential  difference  between  the  points  a  and  h  is,  or  can 
be,  made  nearly  proportional  to  the  magnitude  of  the  primary 

^onrrent  in  L,,  and  hence  to  the  fall  in  volts  along  the  cable 
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or  to  C  R.  Hmoe  the  potfintial  difference  between  e  and  b  or. 
betweenBEind/canbemadeproportion&lto  V-CBor  to  v,  the 
primuy  preeaure  at  the  primary  tenninals  of  the  tranaformen. 
If  ft  voltmeter  Vl  is  joined  up  between  e  and  /,  this  voltmeter 
can  then  be  adjusted  to  read  the  same  value  as  a  voltmeter 


na  16. — AmngsmBnt  of  Flvwun-Beepilating  D«TioM  la  Oani  Bjttma, 

wonld  do  if  placed  across  the  secondary  terminals  of  the  tnuia- 
fbrmera  at  the  far  end  of  the  line.  For  the  pressure  at  tb» 
secondary  tenninals  is  proportional  to  v,  the  pressure  at  thtt 
primary  terminals  of  the  distant  transformers,  and  the  indicEk- 
tiiMit  of  this  voltmeter  Yl  are  at  every  instant  proportional  to  v. 
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Thia  voltmeter  always  indicates  a  presBure  proportional  to 
V  -  G  R,  nfaich  quantity  it  is  neoessary  to  keep  oonBtant. 

The  solenoid  S  is  therefore  traversed  by  a  current,  wbidi  is 
thus  controlled  in  strength  by  the  ontgoing  main  ouirent  0 


Fm.  16. — Mercniy  Cup,  Hoat^  mud  Solenoid  In  OaDm  Prtmrnin  Bngnlalor. 

and  the  terminal  pressnre  V  of  the  alternator.  This  solenoid 
is  traversed  by  a  tube  or  rod,  partly  of  iron  and  partly  of  biasi^ 
tlte  iron  part  bo  situated  tliat  a  current  in  the  solenoid  tmds 
to  draw  it  up  into  the  solenoid.    Ttils  rod  is  held  betwesa 
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gnide  pulleys,  so  that  it  can  move  quite  freely  through  the 
BoleneicL  It  carries  at  its  upper  end  a  glass  oup  full  of 
mercury,  and  at  its  lower  end  is  a  metal  float,  by  means  of 
iHiioh  its  weight  is  taken  up  when  the  float  is  immersed  in  a 
vessel  of  water.  The  diagram  in  Fig.  16  shows  clearly  the 
nature  of  these  arrangements.  Above  the  mercury  cup  is 
situated  a  resistance  coil  of  iron  wires,  and  the  terminal  wires 
of  the  sections  into  which  this  coil  is  divided  are  brought  down 
into  a  group  of  iron  wires  bevelled  off  like  pan-pipes,  and  so 
fixed  in  a  block  as  to  dip  into  the  mercury  in  the  cup  (B,  Fig.^6), 
It  is  easily  seen,  therefore,  that  as  the  mercury  cup  rises  and 
faUa  it  immerses  a  greater  or  fewer  number  of  iron  wires,  and 
more  or  less  of  the  coils  on  the  resistance  coil  will  be  short- 
circuited  by  this  immersion.  This  resistance  coil  is  in  the 
dicuit  of  the  field-magnet  coils  of  the  exciters ;  and  hence 
as  the  mercury  cup  moves  up  or  down  in  obedience  to  a 
greater  or  less  attractive  force  of  the  solenoid  upon  the  iron 
rod  carrying  that  cup,  so  the  field  strength  of  the  exciters  is 
varied. 

The  connections  are  made  so  that  if  the  current  in  the 
solenoid  circuit,  which  is  proportional  in  strength  to  Y  -  C  R, 
increases,  the  mercury  cup  is  drawn  down,  and  so  intercalates 
resistance  in  the  fields  of  the  exciters  and  decreases  the 
strength  of  the  field  of  the  alternators,  and  vice  versd.  There 
is  a  small  rheostat  or  resistance  T  in  series  with  the  solenoid  S, 
by  which  large  variations  of  the  current  in  the  solenoid  can  be 
made  by  hand,  and  in  the  same  way  large  amounts  of  variation 
of  the  fields  of  exciters  can  be  made  by  a  hand-regulated 
resistance ;  and  the  automatic  arrangements  then  can  be  set  to 
keep  the  pressure  at  the  far  ends  of  the  feeders  constant  within 
a  given  amount,  so  as  to  be  independent  of  the  changes  of  load. 
The  above  arrangement  may  seem  at  first  rather  complicated,, 
but  it  does  its  work  in  practice  very  well,  and  its  practical 
operation  shows  it  to  be  one  of  the  few  devices  of  this  kind 
which  can  be  considered  to  be  a  thorough  success. 

The  above  described  elements  constitute  the  distinctive 
features  of  the  transformer  system  elaborated  by  MM. 
Zipemowsky,  D6ri,  and  BUthy,  and  we  proceed  to  describe 
some  of  the  central  stations  operated  by  the  aid  of  these 
devices. 


«7 
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§  6.  Central  Statioii  at  Borne.* — ^In  yeiy  folly  describing 
this  station  in  1889,  Prof.  G.  Forbesf  called  it  the  <<  finest 
example  of  an  altemating-ciurrent  central  station ; ''  and  it  well 
deserves  this  commendation.    Since  it  was  described  by  him 
it  has  been  increased  by  the  addition  of  two  more  large 
£00  horse-power  engines  and  dynamos,  and  has  now  a  com* 
plement  of  plant  equivalent  to  a  total   output  of  24,000 
16  candle-power  incandescence  lamps.      The  electric   light- 
ing of  Rome  is  carried  out  by  the  gas  company,  which  has 
enlisged  its  operations  and  exists  under  the  denomination  of 
the  Society  Anglo-Bomana  per  FlUuminazione  di  Roma  col  Gas 
ed  Altri  Sistemi.     The  Directors  of  this  Company  were  wise  and 
far-seeing  enough  to  recognise  the  necessity  of  dealing  with  the 
electric  light  either  as  an  ally  or  as  a  rival,  and  in  the  spring  of 
1886  commenced  operations  for  the  supply  from  the  gas  works 
of  the  electric  current  by  the  Ganz  alternating  system.     The 
gas  works  at  Rome  are  in  the  Via  dei  Cerchi,  near  the  Tiber, 
under  the  shadow  of  the  Mount  Palatine,  and  occupy  a  position 
in  the  region  of  old  Rome,  near  the  site  of  the  ancient  Circus 
Maximus ;  and  in  forming  the  foundations  of  portions  of  the 
heavy  dynamo  machinery  some  of  the  old  arches  of  the  Circus 
were  exposed.    The  plan  and  elevation  of  the  station  are  shown 
in  Figs.  17  and  18,  from  which  the  general  disposition  of  the 
machinery  and  buildings  can  be  seen.  The  Central  Station  plant 
consists  of  two  similar  small  alternators  of  80,000  watt-power, 
giving  a  maximum  ciurent  of  40  amperes  at  a  pressure  of 
2,000  Tolts,  which  are  coupled  direct  to  engines  of  125  horse- 
power, and  of  four  large  alternators  of  320,000  watt-power, 
each  giving  a  maximum  current  of  160  amperes  at  a  pressure 
of  2,000  volts.     The  large  dynamos  are  coupled  direct  to  com- 
pound steam  engines  working  up  to  600  horse-power.     The  two 
smaller  machines  will  be  referred  to  as  No.  1  and  No.  2,  and 
the  four  larger  machines  as  No.  3,  No.  4,  No.  5,  and  No.  6,  as 

*  The  author  desires  to  acknowledge  his  indebtedness  for  the  informa- 
tion on  the  details  of  this  Central  Station  at  Rome  to  Signer  C.  Pouchain, 
and  also  to  Signer  de  Strens,  Chief  Engineer,  who  granted  him  erezy 
opportunity  for  examining  the  working  of  this  interesting  installation. 

t  "  Some  Electric  Lighting  Central  Stations  in  Europe,  and  their  Les- 
sons," Journal  of  InstUution  of  EUetrieal  Engineers,  Vol.  XVUL,  1889, 
p.  172,  and  The  EUetrician,  Vol.  XXH.,  pp.  605,  628,  679,  lit. 
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ahown  in  the  plan.  The  four  larger  machines  are  not  all  similar 
in  details.  No.  3  and  No.  4  are  sister  machines,  and  also  No.  5 
and  No.  6  ;  but  the  last  two  have  many  improvements  not  pre- 
gent  in  the  former  two. 

Commencing  our  description  with  the  two  smaller  dynamos, 
placed  in  position  and  first  used  in  the  autumn  of  1886,  a 
general  view  of  these  machines  is  shown  in  Fig.  19.  The  engines 
are  single-cylinder  high-pressure  engines  by  Gebriider  Sulzer,  of 
Winterthur  and  Ludwigshafen.  The  speed  is  250  revolutions 
per  minute.  These  horizontal  engines  are  built  on  a  common 
bed-plate  with  the  dynamo,  and  the  revolving  field-magnet  of 
the  dynamo  forms  the  flywheel  of  the  engine.  The  engines  can 
be  worked  up  to  150  horse-power.  There  are  20  coils  in  the- 
fixed  armature,  and  20  poles  in  the  stellate  field-magnet^  and 
in  the  armature  all  the  coils  are  joined  in  series,  each  giving 
100  volts,  or  2,000  in  all.  In  the  field-magnets  the  coils  are 
arranged  in  two  series  of  10  coils  each,  joined  in  parallel. 
The  alternations  are  5,000  per  minute^  or  about  42  complete 
periods  per  second.  These  dynamos  are  auto-excited  by  a 
rectified  alternating  current  and  commutator,  as  above  de- 
scribed, taking  current  from  the  secondary  circuit  of  a  field 
transformer,  of  which  the  primary  coils  are  in  connection 
with  the  armature  of  the  alternator. 

The  larger  dynamos  No.  3  and  No.  4  (placed  in  position 
and  started  in  November,  1887)  are  separately-excited  alter- 
nators, coupled  direct  to  500  horse-power  compound  engines  by 
Van  den  EirchofTe,  of  Ghent,  these  last  having  elaborate  expan- 
sion valve  gear  of  Corliss  type,  and  also  centrifugal  governors 
of  the  Qsual  kind ;  they  have  also  starting  gear.     The  dynamo 
is  placed  between  the  high-pressure  and  low-pressure  cylinders, 
so  that  the  field-magnet  is  slung  on  the  centre  of  the  steel  main 
shaft.   The  ring-shaped  armature  frame  has  massive  projections 
or  lugs  on  either  side,  supported  by,  and  traversing  in,  guide 
bars  like  the  bed  of  a  lathe,  and  it  can  be  traversed  laterally 
by  a  screw,  so  as  to  move  it  off  from  and  expose  the  field- 
magnet  revolving  in  the  interior.     The  interior  diameter  of  the 
armature  ring  frame  is  about  nine  feet  and  a-half,  and  the 
over-all  diameter  of  the  stellate  field-magnet  rather  more  than 
nine  feet.     In  the  dynamos  No.  3  and  No.  4  the  field-magnets 
have  solid  cast-iron  cores  and  wrought-iron  polar  caps  or  pro- 
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jeotioDS ;  and  tliese  magnets,  40  in  number,  are  placed  round 
the  periphery  of  an  iron  wheel  keyed  on  the  main  shaft  The 
armature  cores  are  built  up  of  iron  plates  of  thin  sheet  iron, 
with  interposed  paper,  as  described  in  a  former  section.  The 
two  smaller  dynamos,  No.  1  and  No.  2,  also  have  armatures 
built  in  this  way  with  divided  iron  cores,  and  with  solid  cast- 
iron  field-magnet  cores  having  wrought  iron  polar  expansions. 
In  the  armature  of  dynamos  No.  3  and  No.  4  there  are  40  coils, 
«ach  generating  50  volts,  and  the  whole  of  them  are  joined 
in  series.  In  the  field-magnets  the  40  coils  are  joined  up 
so  that  there  are  two  series  of  20  coils  in  each,  and  the  two 
series  are  joined  in  parallel.  The  engines  make  125  revolu- 
tions per  minute,  producing,  therefore,  an  alternating  current 
of  5,000  alternations  per  minute,  or  42  complete  periods  per 
second.  The  armature  coils  will  carry  safely  200  amperes, 
but  their  normal  load  is  about  160.  The  copper  wire  on  the 
armature  and  magnet  coils  is  six  millimetres  in  diameter,  or 
about  one  quarter  of  an  inch. 

The  last  two  large  machines,  No.  5  and  No.  6,  are  generally 
very  similar  to  No.  3  and  No.  4.  They  are  driven  direct  by 
compound  500  horse-power  engines  by  the  Erster  Brtinner 
Masohinen  Fabrik  of  Austria ;  and  in  this  case  also  the  dynamo 
field-magnet  is  slung  as  a  flywheel  in  between  the  high-pressure 
and  low-pressure  cylinders.  In  order  to  give  space  for  the  stellate 
magnet  and  annular  armature  frame,  a  pit  is  formed  between 
the  high-pressure  and  low-pressure  part  of  the  engine.  These 
last  engines  have  governors  of  the  type  employed  in  the  well- 
known  Armington  and  Sims  engine,  in  which  the  lead  of  the  single 
eccentric  is  shifted  and  controlled  by  the  outward  movement  of 
two  massive  weights  contained  in  the  interior  of  a  pulley-shaped 
governor  wheel.  This  governor  is,  for  convenience,  placed  on 
the  outside  end  of  the  main  shaft  of  the  engine.  The  general 
appearance  of  these  last  two  500  horse-power  dynamos  is  shown 
in  Fig.  20.  These  engines  have  been  found  to  do  their  work 
remarkably  well,  and  to  govern  steadily.  The  general  principle 
of  this  centrifugal  governor  is  that  of  causing  a  change  of 
speed  of  the  engine  to  alter  the  lead  of  the  slide  valve  and 
so  cut  off  the  steam  at  different  periods  of  the  stroke.  This  is 
accomplished  by  carrying  the  valve  eccentric  not  directly  on 
the  shaft,  but  on  a  sleeve  which  can  be  shifted  in  position  on 

l2 
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the  shaft,  so  as  to  change  the  angle  of  lead  of  this  eccentric 
from  a  position  in  which  the  eccentric  axis  is  nearly  parallel  to 
the  direction  of  the  crank  to  one  in  which  it  is  nearly  at  right 
Angles  to  it.    According  to  the  degree  of  this  angle  of  lead  so 
will  the  steam  be  cut  off  almost  at  the  beginning  of  the  stroke, 
or  at  a  point  rather  less  than  three-quarters  of  the  stroke 
The  work  done  by  the  steam  pressure  can  therefore  be  varied 
within  wide  limits.     The  shift  of  the  sleeve  carrying  the  eccen- 
tric is  effected  by  a  set  of  jointed  rods,  which  are  moved  by  a 
pair  of  heavy  weights  carried  on  the  end  of  levers,  which  are 
carried  round  with  the  shaft  either   in  the  flywheel  or  in  a 
special  governor    wheel.     The    outward  movement  of   these 
weights,   caused    by  the  centrifugal    action,   is  resisted   by 
powerful  springs  in  the  governor  wheel,  and  any  change  of 
speed  operates  directly  to  shift  the  lead  of  the  valve.      In 
these  last  dynamos,  No.  5  and  No.  6,  the  cores  of  the  field- 
magnets,   as   well  as   the   armature   cores,   are  built  up  of 
laminated   iron,    as   described   in    §  3.     The  bobbins  of  the 
field-magnets  are  formed  of  rectangular  split  zinc  frames,  about 
15in.  high  and  20iiL  wide.     They  are  wound  over  with  the 
insulated  wire,  but  more  wire  is  placed  at  the  bottom  of  the 
frame  than  at  the  top,  and  the  finished  bobbins  have  a  slight 
taper  from  about  Sin.  to  6^in.  in  end  width.     The  armature 
bobbins  are  shallow  rectangular  bobbins,  wound  on  vulcanised 
fibre  frames  about  19in.  long  and  lOin.  wide  and  2in.  deep. 
Each  bobbin  has  on  it  about  30  turns  of  highly  insulated 
copper  wire,  about  6  mm.  or  ^in.  in  diameter.     The  armature 
ooik  when  slipped  on  to  the  laminated  iron  cores  are  kept  in 
position  by  bobbin  holders  of  bronze,  which  form  a  kind  of 
skeleton  frame  clamped  on  the  end.    The  more  massive  electro- 
magnet bobbins  are  secured  by  a  similar  bobbin  holder,  and 
by  a  bolt  fastening  it  which  traverses  the  whole  width  of  the 
laminated  core.     The  terminals  of  the  field-magnet  circuit  are 
led  to  two  insulated  brass  pulleys  deeply  grooved,  which  are 
secured  on  the  shaft.     Over  these  are  slung  flexible  copper 
stranded  cables,  one  end  of  which  carries  a  pendant  weight,  and 
the  other  end  of  which  is  in  connection  with  the  exciter  circuit. 
This  affords  an  excellent,  and  yet  perfectly  flexible,  contact 
surface,  for  the  exciter  ciurent  to  enter  and  leave  the  alternator 
field-magnets.     The  mechanical  performance  of  these  latest 


150  DISTRIBUTION  OF  SLBOTRIOAL  ENBRGT  BT  TRANSF0RM8B9. 

machines  is  very  excellent;  the  dynamos  run  very  smoothly' 
and  qoietly,  and  give  no  trouble  by  any  heating  or  insulation 
defects. 

To  excite  these  four  large  dynamos,  there  are  three  exciters 
driven  direct  by  Westinghouse  engines  of  50  horse-power  eachi 
made  by  Alley  and  Maclellan.  The  exciting  dynamos  are  by 
Ganz  and  Co.,  and  are  four-pole  continuous-current  machines, 
which,  at  a  speed  of  375  revolutions  per  minute,  give  a  current 
of  150  amperes  and  pressure  of  180  volts. 

Since  75  amperes  is  a  sufficient  exciting  current  for  each  of 
the  large  djnamos,  one  exciter  can  excite  two  of  the  large 
dynamos,  and  hence  there  is  always  one  exciter  in  reserve.  At 
full  load  the  power  absorbed  in  exciting  is  said  to  be  3|  per 
cent,  of  total  absorbed  power.  The  steam  is  provided  from  a 
plant  of  fourteen  Baboock  and  Wilcox  tubular  boilers,  each  of 
160  nominal  horse-power.  Coke  is  burnt  in  the  furnaces. 
Four  steam  pumps,  in  addition  to  the  usual  injectors,  supply 
water  to  the  boilers.  The  total  boiler  horse-power  is  2,240. 
The  steam  pressure  is  120lb8. 

There  are,  therefore,  in  this  station  three  pairs  of  machines, 
each  pair  consisting  of  two  similar  independently  driven 
dynamos,  but  all  yielding  a  current  at  the  same  electromotive 
force,  and  having  the  same  frequency  of  alternation. 

§7.  Cables  at  Borne. — The  current  supplied  by  these 
machines  is  conveyed  into  three  main  conductors,  often 
called  the  feeders.  These  consist  of  concentric  cable  made* 
by  Siemens  and  Halske,  laid  in  wooden  boxes  filled  in  with 
cement  and  placed  underground.*  The  construction  of  this 
conductor  is  well  known.  It  consists  of  a  core  of  stranded 
oopper  wires,  insulated  over  with  an  insulation  of  jute  impreg' 
nated  with  highly  insulating  material  Outside  this  is  stranded 
the  return  conductor  of  copper  wires  enclosing  the  core,  as  in  a 
tube ;  then  more  insulation,  and  finally  a  double  twist  of  iron 
or  steel  tape  and  hemp  protection  over  that.  In  Rome  there 
are  some  18  to  20  kilometres,  or  about  12  miles,  of  this  main 
cable  laid  up  to  the  present  (1890).    The  cross  section  of  each 

*  This  plan  of  laying  in  cement  has  not  been  found  to  be  aatiBfaotoiy. 
In  future  it  is  probable  the  concentrio  cable  will  be  laid  in  wooden 
troughing  filled  in  with  pitch  or  asphalt. 
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Kmclaotor  is  220  square  millimetres,  or  about  one-third  of  ft 
■qoare  inch.  The  main  cables  are  laid  in  100  metre  lengths, 
with  junotioD-boies  at  this  distance. 

The  three  main  cables  all  run  together  to  the  Piazza  Yenezia 
and  then  diverge  in  different  direcUous,  the  meat  distant 
point  reached  being  about  4}  kilometres,  or  three  miles,  from 
the  station.  The  distance  from  the  station  to  the  point  of 
divergence  is  aboi(t  1,600  metres,  or  one  mile.  The  mode  of 
making  the  junctions  of  the  different  lengths  of  the  cables  and 
of  the  branches  has  been  most  oarefullj  thought  out.  The 
junctions  are  made  in  ccut-iron  boxes,  in  which  these  junctions 
are  formed  by  copper  straps,  links,  or  clamps,  and  involve  no 
soldering  in  making  the  joint  in  the  street.    The  lids  of  the 


boxes  are  closed  water-tight,  and  the  box  then  pumped  full  of 
rosin  oil.  The  diagrams  in  Figs.  21,  22,  23,  and  21  show  the 
various  forms  of  junction  box  and  mode  of  making  the  joint. 
Beyond  the  Piazza  Venezia,  the  three  mains  give  off  branches  in 
different  directions,  smaller  conoeDtrio  cable  being  used  aud  the 
sub-mains  run  to  the  different  groups  of  transformers.  At  the 
present  date  (1890)  there  are  some  125  transformers  installed, 
all  being  of  the  same  uniform  size  of  7,500  watts,  or  10  horse- 
power. These  transformers  are  put  in  singly  or  in  groups 
arranged  in  parallel  in  the  various  houses  and  public  buildings, 
and  feed  about  12,000  100-volt  incandescence  lamps  of  16 
oBodle-power,  10  candle-power,  and  32  candle-power,  as  well  as 
some  300  Ganz  alternating  arc  lamps  of  8,  16,  and  32  amperes, 
which  are  worked  off  the  intermediate  terminals  of  the  trans- 
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former.  The  transtormera  are  pleeed  in  small  fire-proof  safes, 
braes,  or  chambers,  aooording  to  their  number,  and  great  pftinB 
are  taken  with  the  insulation  of  the  primary  vires.    Bare  copper 


Fro.  22, — Junction-Box  of  Sidneni  t,nA  Halake  C>bla. 

rod  is  most  nsed  for  ootmections,  and  is  carefully  carried  m 
porcelain  insulators  in  the  transformer  rooms,  where  it  Is 
possible  to  do  so ;  in  other  places  highly  insulated  win  it 


Fid.  23. — Surfue-Boi  for  Branch  Junction,  Siemem  and  Halake  CUila> 

used.  The  transformere  each  take  at  full  load  about  four 
amperes  of  primary  current  at  2,000  volts,  and  giYe  out  75 
amperes   at   110  volts;  the   intermediate   terminal   enabling 
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arc  lamps  vith  resiatatiDeti  in  series  to  be  pat  on  at  66  volts. 
A  number  of  10  horse-power  transformers  banned  togetlier 
is  used  in  each  of  the  large  biuldinga  lit.  The  lighting 
comprises  not  only  street  arc  lighting,  but  lighting  by  arc 
and  incandescent  entirely .  of  theatres,  Senate  and  Chamber 
of  Deputies,  poet,  telegraph  and  public  offices,  besides  shops 
and  houses  ;  the  extreme  variation  of   potential  from  point 


Flo.  24. — Croa  JudoUod,  Siemeni  and  Halake  Cable. 

to  poinc  not  being  greater  than  4  Tolta,  and  being  regulated 
from  the  Central  Station  by  keeping  a  standard  pressure 
at  one  of  three  points  in  the  network.  The  Argentina 
Theatre  is  lit  by  1,800  incandescent  lamps  and  11  arc 
lamps,  worked  off  12  transformers,  having  their  secondary 
circuits  in  parallel.  Each  arc  lamp  has  a  re»stance  in 
series  with  it  which  absorbs  about  10  volts,  and  without 
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this  resistanoe  the  arc  lamps  are  not  found  to  work  steadQy. 
With  this  resistance,  however,  they  give  a  very  excellent 
result;  and  the  chief  cafh^  theatres,  the  railway  station, 
and  some  of  the  larger  shops,  present  a  very  fine  exhibi- 
tion of  alternate-current  lighting.  It  may  be  remarked 
in  passing  that  a  mere  dead  resistance  should  not  be  used 
for  the  purpose  of  steadying  altematoKsurrent  arc  lamps.  A 
choking  coil,  preferably  one  having  an  air  gap  in  it  for  reasons 
already  given  {we  Vol.  I.,  p.  267,  Tht  AUemcUe-Current  Trans- 
former),  would  afibrd  the  best  means  of  securing  the  necessary 
steadiness. 

This  is  not  the  proper  place  to  enter  into  the  vexed  question 
of  alternate  versus  continuous  current  arc  lamps.  The  fact 
that  at  Rome  300  or  more  arc  lamps  are  being  employed 
indicates  the  necessity  for  making  provision  for  arc  lighting ; 
and  the  economical  question  which  has  to  be  faced  is  whether 
the  gain  in  simplicity  of  working  by  a  uniformity  of  system  is 
or  is  not  counterbalanced  by  the  disadvantages  of  intrinsic 
economy  in  the  alternating  parallel-worked  arc  as  compared 
with  series-worked  arcs  of  equal  mean  candle-power,  operated 
on  separate  circuits  and  by  separate  machines  and,  perhaps, 
by  separate  engines. 

§8.  Ohange-over  Switch  (Zipemowsky,  Deri,  BUthy). — 
Although  the  dynamos  in  the  Central  Station  at  Home  are  of 
different  sizes,  it  has  been  found  perfectly  possible  to  work 
them  in  parallel  together.  As  a  regular  rule  this  is  not  done, 
but  each  one  of  the  three  mains  is  supplied  by  a  separate 
dynamo  according  as  the  load  on  it  requires.  As  there  are 
six  dynamos  and  three  main  conductors  the  problem  presented 
was  to  connect  any  one  of  the  six  dynamos  to  any  one  of  the 
three  mains,  and  to  make  any  necessary  change  in  the  combina- 
tion without  extinguishing  the  lights.  This  has  been  solved 
by  the  construction  of  an  exceedingly  ingenious  switoh-boani^ 
which  effects  these  changes  with  ease  and  certainty.  The 
switch  is  an  elaborate  arrangement,  and  somewhat  costly  to 
construct.  It  will  best  be  understood  by  the  following 
diagrammatic  sketches. 

On  a  suitable  framework  (see  Fig.  25)  is  carried  a  series  of 
pairs  of  copper  bars,  D^,  D^,  D3.    D^  and  its  fellow  (not  shown) 
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itre  in  connection  with  the  poles  of  one  dynamo.  Similarly, 
D]  and  its  fellow  are  in  connection  with  the  poles  of  a  second 
dynamo,  and  so  on.  These  bars  are  carried  on  insulators, 
•and  have  pendant  iron  rods,  c^^,  d^  d^.  There  are  a  second 
series  of  pairs  of  copper  bars,  F^  and  its  fellow  (not  shown), 
F^,  and  F,,  and  so  on,  which  are  in  connection  with  the  two 
leads  of  various  cables.  From  these  bars  F^,  Fj,  &c,  are  also 
pendant  iron  rods  /j,  f^  &c.,  and  these  are  placed  near  the 
pendant  rods,  d^^  d^  ^ks.  Mercury  cups,  1,  2,  3,  dKS.,  can  be 
raised  or  lowered  by  a  mechanism  to  be  described,  by  which 
these  pendant  rods  can  be  put  in  electrical  connection,  so  that 
/i  is  joined  to  c^  or  to  c?,,  or  to  c^^,  according  as  mercury 
cups  1,  2,  or  3,  are  raised  up.  Hence,  we  see  that  the  bars 
Dj,  Dj,  Dg,  can  be  electrically  joined  to  the  bars  F^,  F^,  and 
F3,  pair  and  pair,  in  any  combination ;  and  we  must  suppose 
that  the  fellow  bars  not  shown  in  the  figure,  but  which  are 
the  duplicate  bars  for  the  other  side  of  the  dynamo,  are 
•coupled  similarly  simultaneously.  Suppose,  for  instance,  that 
the  mercury  cups,  1,  5,  9,  are  raised  up  and  the  rest  kept 
down ;  then  D3  is  joined  to  F^,  D^  to  F^,  and  D^^  to  F3.  Thus, 
any  dynamo  can  be  put  on  any  cable.  Supposing  that  each 
dynamo  is  working  on  a  cable,  and  it  is  desired  to  inter- 
•exchange  the  positions  of  the  dynamos,  this  can  be  done  by 
raising  and  lowering  mercury  cups.  For  instance,  let  D^  be 
joined  to  F3,  and  D3  to  F^,  and  let  it  be  requisite  to  inter- 
•change  the  dynamos.  What  has  to  be  done  is  to  lower  the 
mercury  cups  1  and  9,  and  raise  the  mercury  cups  3  and  7, 
and,  if  this  is  done  very  quickly,  the  dynamos  and  circuits 
will  be  interchanged  without  any  sensible  interruption  of 
current.  The  mechanism  for  raising  one  group  of  mercury 
•cups  and  lowering  another,  simultaneously,  is  carried  below 
the  frame  which  supports  the  copper  bars.  The  mercury 
cups  are  carried  in  pairs  {see  Fig.  26)  on  a  table,  T,  so  that  the 
dynamo  and  feeder  pendant  bars,  F  and  D,  from  one  side  of 
the  dynamo,  dip  in  one  cup,  and  the  fellow  bars,  F  and  D', 
belonging  to  the  other  side  of  the  dynamo,  dip  in  the  other  cup. 
This  table,  T,  is  carried  on  a  pair  of  steel  rods  R,  R',  which 
are  crossed  at  the  middle  by  a  slotted  distance  piece,  L,  and 
the  weight  of  the  table  and  cups  is  balanced  by  a  balance- 
weight  below,  not  shown  in  the  figure.      The  slotted  bar  L 
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i§  traversed  hy  the  pin,  P,  of  a  crank,  C.  Thia  crank  is  on 
&  shaft,  Q,  iTorking  through  a  bearing,  B,  and  the  other  end 

ot  the  crank  is  supported  by  a  pin,  p,  working  in  a  bearing^ 
in  the  back  of  a  slotted  block,  S,  the  stot  in  which  is  just  \rid& 
enough  tc  receive  the  square  web  of  the  crank  C  when  the 
shaft  Q  is  pushed  forward  by  the  handle  H  as  far  aa  it  can 
go.  When  the  ahaft  Q  is  pushed  forward  so  that  the  crank 
arm  C  engages  iD  tlie  slot  in  the  block  S,  it  is  easily  seen 
that  the  crank  can  only  be  moved  round  with  the  mitre 
wheel,  W ;  but  that  when  withdrawn  it  has  an  independent 


Fla.  26. — Di&gram  repreeectiDg  Cnnka  for  Raising  or  Lowering  Uercuj? 
Contact  Cupa  in  Ch&Dge-ovsr  Switch  at  KoDie. 

motion  of  rotation.  By  tumiog  the  handle  H  when  the 
crank  is  disengaged  fh>m  the  block  3,  the  meroui;  cups  can 
be  raised  or  lowered  through  the  distance  of  the  "throw"  of 
the  crank,  but  if  the  crank  is  engaged  in  the  block  S,  then 
the  rise  and  fall  of  the  table  can  be  effected  by  a  rotation  of 
the  wheel  W.  The  crank  can  be  obviously  turned  <w  inserted 
into  the  block  S,  either  in  the  upper  position  or  in  the  lower, 
and  then  a  half-turn  of  the  wheel  W  will  either  lower  the 
cups  or  raise  them. 

Imagine  a  series  of  such  cranks  placed  side  by  aide  (ws 
Fig.  27)  and  each  supporting  its  table  and  pair  at  meroury 
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€up8;  and  suppose  the  mitre  wheels,  W,  attached  to  each 
shaft  to  engage  in  a  series  of  mitre  wheels,  W,  all  keyed  on 
one  long  shaft.  If  a  handle,  E,  is  given  half  a  turn,  it  will 
turn  all  the  slotted  blocks  S  half  round,  and  it  will  raise, 
or  lower,  or  not  move,  the  table  corresponding  to  each  crank, 
according  as  that  crank  has  been  engaged  previously  in  the 
slotted  block  in  the  upper  or  lower  position,  or  withdrawn  so 
as  not  to  engage  at  all. 

It  is,  therefore,  obvious  that  by  an  appropriate  position  for 
each  handle,  any  of  the  pairs  of  mercury  cups  can  be  caused 
to  rise,  or  fall,  or  not  to  be  moved,  when  the  handle  K  is 


Ro.  87^— Diagram  of  Hitre-wheel  Arrangement  in  Change-oTor  Switch 

at  Borne. 


turned  half  round.  Returning  to  Fig.  25,  we  can  now  see 
that  a  mechanism  can  be  suitably  arranged  to  effect  simul- 
taneously the  electric  connection  or  disconnection  of  any 
djnamo  from  any  main,  and  that  any  posBible  combination 
can  be  instantaneously  exchanged  for  any  other. 

In  the  change-over  switch  at  Rome  there  are  four  pairs  of 
bars  corresponding  to  the  three  mains,  and  to  a  bank  of 
3,600  lamps  in  the  station  which  is  used  as  an  artificial  load 
on  which  to  run  up  each  dynamo  to  speed. 

If  any  main  is  being  operated  by  any  dynamo  and  it  is 
desired  to  replace  this  dynamo  by  another,   the  incoming 
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dynamo  is  first  run  up  to  the  same  amperes  and  volts  as 
that  of  the  circuit  dynamo  it  is  about  to  replace.  The 
change-over  switch  is  then  brought  into  action  to  interchange 
the  dynamos  working  on  the  circuit  and  that  working  on  the 
artificial  load ;  and  so  perfect  is  the  operation  of  this  switch 
that,  when  smartly  worked,  not  the  slightest  wink  can  be 
seen  on  the  circuit  lamps.  This  switch  is  used  to  replace 
the  small  day  dynamos  by  the  bigger  ones,  at  nightfall,  and 
when  required,  or  to  effect  any  interchange  necessary.  It 
is,  no  doubt,  an  expensive  switch-board  to  constructi  but  it 
does  its  work  admirably. 

§  9.  Transformer  Station  at  Leghorn  (Livomo). — At  Leg- 
horn there  is  a  central  station  in  the  Via  Gostanza,  on  the  same 
general  plan  as  that  at  Rome,  for  distribution  of  electric  energy 
by  means  of  transformers.  The  plant  was  constructed  by 
Ganz,  and  the  machines  and  regulating  apparatus  are  similar 
in  general  design  to  that  described  in  the  foregoing  sections. 
A  general  view  of  the  machine-room  is  given  in  Fig.  28.  There 
are  at  present  (1890)  three  combined  engines  and  dynamos  in 
position.  The  engines  ore  direct-acting,  high-pressure  single- 
cylinder  engines  of  150  horse-power,  fitted  with  centrifugal 
spring  governors,  the  governor  wheels  forming  also  the  pulley 
by  means  of  which  the  exciters  are  driven.  These  engines  are 
coupled  direct  to  Ganz  alternators  of  the  A  type,  similar  in 
design  to  those  at  Rome. .  The  alternators  furnish  at  maximum 
load  a  current  of  40  amperes  at  2,000  volts,  and  are  therefore 
80  kilowatt  machines.  The  dynamos  are  driven  at  a  speed 
of  250  revolutions  per  minute.  The  armatures  have  20  fixed 
bobbins,  and  the  revolving  field-magnets  20  bobbins;  hence 
the  current  has  5,000  alternations  per  minute,  or  42  complete 
periods.  The  armature  frame  rests  on  a  massive  bed-plate, 
on  which  is  also  erected  the  engine ;  and  the  arrangement  of 
slotted  bed-plate  and  screw  before  described  renders  it  possible 
to  traverse  the  armature  away  from  the  field-magnet,  and  get 
at  it  for  repairs.  Both  the  field-magnet  cores  and  the  armature 
coil  cores  are  built  up  of  laminated  iron  plates.  There  axQ 
three  such  steam  dynamos  placed  side  by  side ;  they  take  steam 
from  a  battery  of  three  Babcock  and  Wilcox  water-tube  boilera^ 
each  of  150  horse-power  size. 
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The  exdters  are  driven  off  the  governor  wheel  of  each  engine, 
and  each  famish  an  exciting  current  of  25  amperes,  at  an 
E.M.F.  of  100  volts. 

The  alternating  current  fiimished  by  the  dynamos  is  employed 
to  feed  about  2,000  incandescent  lamps  of  16  candle-power. 
From  the  station  proceed  two  primary  circuits,  each  consisting 
of  a  pair  of  insulated  overhead  copper  conductors  of  28  square 
millimetres  in  cross    sectional  area.      The  primary  current 
supplies  17  transformers  of  7*5  kilowatt  size,  four  of  3*75  kilo- 
watt size,  and  one  of  1*875  kilowatt  size,  having  their  primary 
circuits  arranged  as  usual   in  parallel  between  the  primary 
mains.     Although  the  station  is  not  a  large  one,  it  is  interest- 
ing from  the  fact  that  the  alternators  are  worked  in  parallel  on 
a  single  primary  circuit  as  a  regular  thing.     The  two  primary 
circuits  start  from  a  switchboard,  which  is  exceedingly  well 
arranged.  The  various  connections  on  it  are  all  made  by  highly 
insulated  rubber-covered  copper  wire,  carried  on  porcelain  insu- 
lators, and  the  switches,  cut-outs,  &c,f  are  all  on  porcelain 
tMises,  and  have  porcelain  handles  or  covers.     At  one  side  of 
the  switchboard  (see  Fig.  28)  is  a  bank  of  1,320  incandescent 
lamps.    The  usual  voltmeters,  amperemeters,  and  regulators, 
are  conveniently  placed.      The  automatic  mercury  cup  re- 
sistance described  in  a  previous  section  is  also  employed  to 
maintain  a  constant  potential  at  some  point  on  the  primary 
circuit,  irrespective  of  the  outgoing  current.  Each  dynamo  and 
engine  can  carry  a  load  of  about  1,200  16  candle-power  lamps. 
When,  therefore,  the  load  on  the  external  circuits  does  not 
exceed  this,  or  equivalent  to  about  a  primary  current  of  30 
amperes,  the  two  separate  primary  currents  are  worked  as  one 
circuit  on  one  machine.    After  midnight,  when  the  load  gene- 
rally fidls  to  less  than  300  lamps,   it  is  taken  over  by  a 
small  auto-excited   alternator,   worked  by  a  separate  small 
engine.    When,  however,  the  demand*  exceeds  1,000 — 1,100 
lamps,  two  of  the  larger  machines  are  worked  in  parallel  on  to 
the  two  primary  circuits  joined  into  one.     The  method  by 
which  this  parallel  working  of  the  alternators  is  practically 
carried  out  is  very  simple.    Let  Cj  and  C^  (Fig.  29)  be  the  two 
separate  primary  circuits,  which  may  be  supposed  to  be  joined 
into  one  circuit  by  the  plugs  P^  P^.     Let  one  alternator, 
Ap  be  supposed  to  be  working  on  this  single  circuit,  and  that 
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the  time  has  come  when  a  second  alternator,  A|,  has  to  be 
added  in  parallel  with  the  first  one  to  support  the  lamp  load. 

The  first  step  is  to  run  up  the  alternator  A^  to  the  proper 
speed  and  to  set  it  to  work  on  the  station  bank  of  lamps  L  and 
adjust  its  E.M.F.  so  that  it  has  the  same  electromotive  force 
and  current  output  as  the  dynamo  A^  already  on  the  circuit. 
From  the  poles  of  each  alternator  proceed  leads  to  a  pair  of 
transformers,  T^,  T^  whose  secondaries  are  joined  in  series 
through  a  couple  of  incandescent  lamps,  ^,  l^  On  closing  the 
double  pole  switch  D  the  transformers  T^  and  T,  work  together 
on  the  pair  of  lamps;  and  according  as  the  alternators  A|,  A^, are 
in  similar  or  in  opposite  phase  as  regards  electromotive  force,  so 
are  the  lamps  Z^,  l^  extinguished  or  alight.  The  moment  when 
the  lamps  ^,  ^j,  are  both  out  the  two  machines  A^,  A^  are  in 
step,  although  on  different  circuits.  As  the  machines  pass  out 
of  step  the  lamps  l^^  l^  pulsate  in  brightness,  producing 
luminous  ^^  beats ''  as  the  current  pulses  catch  each  other  up. 
At  the  instant  when  the  indicating  lamps  are  not  visibly 
luminous  the  double  pole  switch  S^  is  closed.  The  dynamo  A, 
is  then  in  parallel  with  A^  on  the  circuit  C^,  0^;  the  load  of 
lamps  on  L  is  then  removed  little  by  little,  and  the  two 
alternators  A^  and  A,  are  finally  left  working  on  one  circuit. 
Similar  arrangements  allow  all  three  dynamos  to  be  put  in 
parallel  At  Leghorn  it  is  found  to  be  very  easy  to  throw  in 
one,  two,  or  three  alternators  in  parallel  as  the  lamp-load 
varies,  and  the  machiues  keep  each  other  in  step  peiiectly 
when  once  they  are  put  in  parallel. 

The  station,  as  will  be  seen  from  the  view  in  Fig.  28,  is  a  one- 
story  building,  and  consists  of  two  rooms,  one  the  boiler-house, 
and  the  other  the  dynamo-room.  The  station  was  opened  in 
October,  1889,  and  has  been  in  successful  operation  ever  since. 
The  station  covers  an  area  of  about  45ft.  by  100ft.,  and  the 
present  building  can  accommodate  one  more  150  horse-power 
engine,  boiler,  and  dynamo,  having,  therefore,  a  capacity  when 
full  for  three  active  dynamos  and  one  reserve,  or  an  effective 
output  of  240  kilowatts,  or  4,000  16  candle-power  lamps  in 
full  use  and  for  about  6,000  such  lamps  installed.  This  station 
is  exceedingly  well  arranged ;  and  as  an  example  of  alternators 
worked  regularly  in  parallel  is  an  interesting  illustration  of 

theory  carried  out  into  effective  practice. 

m2 
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§  10.  Tranflfonnen  at  Milan. — ^Although  the  central  station 
at  Milan  was  designed  originallj  on  the  lines  of  an  Edison 
direot-current  low-pressure  station,  it  has  been  found  essential 
to  supplement  the  direct-current  plant  by  an  alternating  trans- 
former system  to  reach  the  outlying  districts  of  the  City. 
There  are  at  the  present  time  (1890)  two  combined  engines 
and  alternators  by  Ganz  in  the  Milan  central  station,  which 
machines   are    generally  similar   in    arrangement^   although 
slightly  different  in  details  to  the  steam  dynamos  at  Leghorn. 
These  alternators  are  of  the  80  kilowatt  size,  driven  direct  by 
high-pressure  engines  at  a  speed  of  250  revolutions,  and  gene- 
rating a  40-ampere  primary  current  at  2,000  volt  pressure. 
There  are  no  separate  exciters,  but  the  alternators  take  exciting 
current  to  the  amount  of  about  28  amperes  at  110  volts  from 
the  Edison  low-pressure  mains.    These  machines,  of  which  one 
is  a  reserve  on  the  other,  feed,  with  the  usual  Ganz  regulating 
arrangements,  into  one  single  underground  conductor  of  the 
Siemens  concentric  pattern,  which  runs  from  the  station  in  the 
Via  St.  Badegonda  to  the  Dalverme  and  Fossati  Theatres, 
about  1^  miles,  or  1,800  metres,  from  the  station.    In  the 
Dalverme  Theatre  there  is  a  bank  of  eleven  transformers 
of  the  7*6  kilowatt  size,  and  in  the  Fossati  Theatre  two  such 
transformers;  these  transformers  feed  between  them  about 
1,300   incandescent   lamps    of    16    candle-power,   8    candle- 
power,  and  10  candle-power.    The  cable  carrying  the  primary 
current  has  a  cross  sectional  area  of  28  square  millimetres 
in  each  member.    The  insulation  after  three  years  of  working 
is  very  high,  and  is  between  3,000  and  6,000  megohms  per 
kilometre. 

The  transformers  are  of  the  latest  pattern,  as  described  in 
foregoing  sections,  and  the  arrangement  for  maintaining  a  con- 
stant potential  at  the  supply  end  of  the  main  is  similar  to  that 
employed  at  Rome.  The  plant  has  been  in  perfectly  satisfac- 
tory operation  for  three  years,  and  wiUi  no  doubt,  in  time  be 
greatly  extended. 

§  11.  Other  Transformer  StaUons  by  Oanz. — ^The  distribu- 
tion of  electrical  energy  by  alternating-current  transformers  is 
making  very  considerable  progress  in  Italy,  under  the  system  of 
Zipemowsky,  D6ri,  and  Bldthy.    The  following  list  gives  the 
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locality  and  approximate  output  (in  1890)  of  these  stations  in 
Italy :— 


Station. 

Motiye  power. 

Full  capacity  in 
kilowatts. 

Water 
» 

99 
99 
t» 

9> 
»9 
9» 
»» 

Steam 
>» 

>9 
f» 
99 
99 

100 

Baffni 

15 

l?Ti"" 

Baasano 

50 

Ouneo. 

150 

Palermo 

40 

Perdehohe 

SO 

Temi 

240 

Treyisa 

60 

Taglicozzo ,,,, 

15 

Leshom 

240 

150 

Rome 

1,440 
150 

300 

Syracuse 

Tmn 

Venice  

160 

From  the  above  table  it  will  be  seen  that  at  the  date  of 
writing  (1890)  the  output  of  all  the  stations  taken  together, 
which  work  an  alternating  system,  is  about  4,000  horse-power, 
or  some  3,220  kilowatts,  and  will  in  the  immediate  present  be 
very  greatly  extended  in  consequence  of  the  advantages  offered 
by  this  system  in  utilising  water  power.  Already,  as  is  well- 
known,  a  very  large  alternating  plant  is  being  arranged  at 
Tivoli,  near  Rome,  which  is  to  be  operated  by  water  power, 
and  to  furnish  current  for  lighting  purposes  in  the  City  of 
Rome. 

At  Marienbad  there  is  a  transformer  station  also  operated  by 
similar  plant,  which  was  inaugurated  in  May,  1889.  Street 
lighting  is  done  by  36  alternate-current  arc  lamps,  and  by 
incandescence  lamps,  and  about  1,800  glow  lamps  of  16  candle- 
power  employed  at  private  houses  worked  off  a  transformer 
system.  The  station  is  situated  about  a  mile  and  a  quarter 
from  the  centre  of  the  town,  and  is  a  brick  building,  having  an 
area  of  600  square  yards  and  divided  into  a  boiler-house  and 
engine-room.  The  dynamos  are  Ganz  alternators  of  50,000 
watts  output  each.  Four  such  dynamos  are  driven  direct  by 
Westinghouse  engines  made  by  Alley  and  Maclellan,  in  Glasgow. 
The  exciters  are  driven  by  belts  off  the  alternators.     The 
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alternators  generate  current  at  a  pressure  of  2,000  volts.  The 
primary  and  secondary  conductors  are  carried  overhead  on 
posts  separated  by  about  35  yards,  and  the  transformers  are 
contained  in  weathertight  receptacles  also  placed  upon  posts. 
Three  alternators  are  usually  coupled  together  in  parallel  during 
the  heavy  time  of  load,  and  one  machine  held  as  a  reserve.  The 
dynamos  work  perfectly  well  in  parallel,  and  are  put  on  or  off 
the  circuits  by  the  same  arrangements  as  those  described 
for  the  Leghorn  central  station. 

There  is  a  small  water-power  transformer  station  at  Yalreaa 
and  Dieulefit,  which  is  interesting  as  an  example  of  trans- 
mission of  power.  Valreas  (Yaucluse)  and  Dieulefit  (Dr6me) 
are  electrically  lit  by  means  of  power  taken  from  a  fall  of 
water  at  B^oonne,  three  miles  from  Dieulefit  and  nine  miles 
from  Valreas.  At  B^conne  there  are  a  couple  of  horizontal 
turbines,  which  yield  each  about  50  horse-power  at  180  turns 
per  minute.  Each  turbine  drives  a  Ganz  alternator  of  24 
kilowatts  output  and  an  exciter  of  three  kilowatts  output. 
The  regulation  of  the  turbines  is  effected  by  an  hydraulic 
regulator  by  Bouvier,  and  the  regulation  of  the  primary 
electro-motive  force  at  the  consumption  end  of  the  line 
is  effected  by  the  use  of  a  mercury  cup  rheostat  as  before 
described. 

The  primary  current  is  conveyed  by  a  bare  overhead  silicon- 
broiize  wire,  of  3*2  millimetres  diameter  (No.  10  B.W.G.),  and 
a  resistance  of  11 '8  ohms,  to  Dieulefit,  and  to  Valreas  by  a 
similar  wire  of  6*6  millimetres  in  diameter  (No.  3  B.W.G.)  and 
16*1  ohms  resistance.  The  wires  are  carried  on  double-shed 
porcelain  insulators.  The  transformers  are  held  in  iron  cases 
carried  on  posts,  and  from  them  are  distributed  insulated 
secondary  wires  to  the  houses.  The  station,  although  very 
small,  offers  an  interesting  example  of  the  conveyance  and 
utilisation  of  water  power  by  transformer  plant. 

In  Paris,  the  Continental  Edison  Company  carry  out  the 
lighting  of  the  Palais  de  r£lys6e  from  their  station  situated 
about  one  mile  and  a  quarter  away,  by  means  of  Ganz  alterna- 
tors and  transformers.  Two  alternators  of  90  kilowatts  and 
two  of  24  kilowatts  furnish  current  for  1,800  glow  lamps  in  the 
Palace.  The  primary  current  is  conveyed  at  a  pressure  of 
2,000  volts  by  an  underground  concentric  cable.    The  pressure 
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is  kept  constant  at  the  far  end  by  the  usual  regulation  of  the 
exciting  current,  which  is  taken  off  from  the  direct-current 
machines  in  the  same  station.  The  four  machines  can  be 
worked  in  parallel  on  to  the  single  main,  and  the  switchboard 
is  arranged  to  permit  this  to  be  done. 

§  12L  Westin^ouse  Transformer  System.  —  In  the  last 
four  years,  beginning  in  1886,  the  Westinghouse  Electric 
Lighting  Company  has  developed  in  the  United  States  an 
immense  industry  in  the  manufacture  and  erection  of  alter- 
nating-current plant  for  distribution  of  electric  energy  by 
transformer  systems.  At  the  present  date  (1890)  there  have 
been  established  by  this  Corporation  in  America  about  300 
central  stations,  comprising  a  total  of  over  500,000  16-candle- 
power  incandescent  lamps  operated  by  alternate-current  trans- 
formers. The  various  portions  of  this  system  have  been  designed 
with  great  care,  and  the  mechanical  and  electrical  construction 
of  all  parts  has  been  brought  to  a  high  level  of  perfection. 
The  standard  type  of  alternator  is  represented  in  Fig.  30  on 
next  page.  In  this  alternator  the  revolving  portion  constitutes 
the  armature,  and  the  stationary  magnets  the  field.  The  field- 
magnet  is  composed  of  a  series  of  radial  magnetic  poles  pro- 
jecting inwards  from  the  interior  of  an  iron  ring-shaped  frame. 
This  frame  is  separable  into  two  parts  along  a  horizontal  line. 
These  magnets  are  arranged  to  have  alternate  polarity  at  the 
inner  ends.  The  magnet  cores  are  formed  of  solid  or  laminated 
wrought  iron,  bolted  to  the  inner  circumference  of  this  cast-iron 
cylindrical  frame.  On  these  cores  are  slipped  exciting  coils 
wound  on  shells,  which  are  held  in  position  by  bolts  at  the 
extremities.  These  field-magnet  poles  are  excited  by  the 
current  firom  a  small  continuous-current  dynamo.  The  arma- 
ture revolves  in  the  cylindrical  space  in  the  centre  of  these 
radial  magnetic  poles.  The  armature  core  consists  of  a  drum- 
shaped  mass  of  laminated  soft  iron,  built  up  of  sheet-iron  discs, 
compressed  together  and  secured  to  the  steel  shaft.  These 
discs  are  pierced  with  holes  for  ventilation.  On  the  surface 
of  this  drum-core  are  laid  fiat  coils  of  insulated  wire  wound  on 
formers,  and  laid  on  side  by  side,  so  as  to  clothe  the  drum  with 
one  single  layer  of  insulated  wire  coils.  The  ends  of  these  flat  coils 
of  wire  are  bent  over  the  flat  ends  of  the  drum,  the  whole  set 
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being  secured  bj  brass  wire-bindiag  (see  Fig.  31).  The  number  ot 
coils  on  the  drum  U  equal  to  the  number  of  radial  magnetic  field 
pedes.    Tbe  ooila  on  each  half  of  the  drum  surface  are  joined 


II 


II 

I 


in  series  and  the  two  series  connected  in  parallel,  the  diametral 
terminal  wires  ooming  to  collecting  rings  on  the  shaft  The 
armature  can  be  easily  removed  for  repain  hj  lifting  the  uppo: 
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half  of  the  riag-ahaped  iron  frame  of  the  field,  and  then  taking 
the  armature  and  shaft  out  of  ite  bearings.  These  bearings 
aie  ball-bearingi,  a  section  of  which  ia  shown  in  Fig.  32,  and 
oil  is  fed  from  sight-feed  oil  oups  to  them,  and  working  oat 


Flo.  33.— Bftll  Beuings  of  WeiilingliDlue  Altanutor. 

into  a  drip  pan,  flows  thence  into  a  tank  oast  in  the  hollow 
base  of  the  dynamo,  from  which  it  can  be  drawn  off  and  re- 
used. The  dynamo  rests  on  a  oaat-iron  base,  and  haa  the 
neoessaiy  belttightening  arrangement!. 
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This  dynamo  is  manufactured  in  five  sizes — 

No.  0,    500-light8,  floor-Bpaoe   4ft.  2m.  x  5ft. 
No.  1,     750-lights,  floor-space    6ft.  2iii.  x  5ft.  6iiu 
No.  2y  l,600-light8,  floor-space    7ft.  4in.  x  7ft 
No.  3,  3,000-light8|  floor-space    8ft.  x  7ft  6in. 
No.  4,  5,000-light8,  floor-space  lift  x8ft.  4in. 

The  capacity  being  reckoned  in  16  candle-power  50-watt  lamps. 

In  large  stations,  in  place  of  having  an  exciter  for  each 
machine,  it  is  usual  to  excite  an  entire  batteiy  of  dynamos 
from  one  or  two  large  exciters  driven  by  separate  engines. 

The  armatures  of  these  dynamos  are  all  wound  to  deliver 
current  at  1,000  volts,  and  the  five  standard  sizes  furnish  at 
full  load  22,  33,  66,  132,  and  235  amperes  respectively.  On 
the  750-light  size  the  total  weight  of  copper  on  the  armature  is 
161b.,  and  as  it  is  disposed  in  a  single  layer  on  the  svurface  of 
the  drum  it  is  readily  kept  cool  and  well  insulated. 

The  leading-out  wires  from  the  collectors  are  carried  on  lugs 
on  the  main-bearing  caps.  In  the  No.  3  size,  which  is  a 
commonly  adopted  central-station  size,  there  are  16  mag- 
net poles  projecting  inwards  from  the  frame.  The  exciting 
coUs  of  these  magnets  are  joined  up  in  two  series  of  eight 
coils,  on  the  upper  and  lower  halves  of  the  ring  frame  respec- 
tively, and  the  two  series  of  magnet  coils  are  joined  up  in 
parallel.  These  magnets  are  excited  by  a  continuous  current, 
of  about  25  to  30  amperes,  supplied  at  100  volts.  The  speed 
of  revolution  is  1,000  per  minute.  The  armature  coils  are 
joined  up  in  a  like  manner.  The  number  of  complete  periods 
per  second,  or  the  frequency  of  the  alternation  of  the  current 
is  130,  or  8,000  per  minute.  Hence  there  are  16,000  alter- 
nations or  reversals  of  current  ))er  minute. 

The  diagrams  in  Figs.  33a  and  33b*  (p.  169)  will  indicate  the 
manner  in  which  these  armature  coils  are  connected,  and  will 
show  how  the  ends  of  the  flat  armature  coils  are  turned  over 
the  flat  end  of  the  drum  core  to  get  them  out  of  the  way.  The 
centre  of  the  flat  coil  is  occupied  by  a  wooden  lathe  or  core, 
and  a  narrow  wood  slip  is  inserted  between  adjacent  coils.  The 
whole  armature  when  clothed  with  coils  is  wound  round  with 

*  These  diagrams  are  from  the  British  Specification,  No.  9,726,  of  1887. 
See  aUo  Brit.  Spec.,  No.  9,725,  of  1887. 
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turns  of  hnaa  wire.  The  clearaQoe  space  between  the  aurftuse 
of  tbe  wire  and  the  end  Burfaoe  of  the  magnet  poles  is  very 
smalL     Hence  the  wire  moves  in  a  very  strong  field.     In 


Flo,  34.— Weeticghotue  TrmiformBr. 

Operating  a  battery  of  central-station  dynamos,  the  whole  of 
the  field  circuits  of  the  alternators  are  joined  in  parallel 
with  the  armature  circuits  of  one  or  more  exciting  dymunos 
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operated  by  independent  en^^nes,  the  field-oironit  of  each 
alternator  being  controlled  b;  a  doublft-polo  awitob  on  the 
switohboard. 

5 13.  Westinghoiue  Tnumformsrs. — The  tranfiformers  or 
poDverters  employed  are  illnBtrnted  in  Fig.  34.  The  iron  cores 
oE  the  transformer  consist  of  a  pile  of  sheet-iron  stampings, 


'« 


Fioa  35. — Sheet  Iron  Stunpins  of  Weetinghouse  TmDrformer. 


which  are  built  up  to  encase  the  primary  and  secondary  coils. 
The  sheet-iron  stampings  are  ahown  in  Figs.  35.  The  crosa- 
pieoea  are  bent  back  when  the  rectangle  is  slipped  over 
the  coils,  and  re-bent  back  into  place,  so  as  to  endose 
the  coils  within  the  iron.  Each  of  these  coils  is  compoaed 
of  double  covered  wire,  coated  with  an  insulating  compound, 
each  layer  of  wb^  is  insulated  from  its  neighbour  by  addi- 
tional insulation,  and  the  completed  coil  covered  with  three 
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Bepar&t«  and  distiDot  ooveringa  of  insulating  oloth.     The  om- 
taot  between  the  primary  and  Becond&ry  ooil  ia  prevented  by 


diBtanoe-pieoee  of  insulating  materials.  The  iron  Btampings 
being  then  piled  up  in  and  around  the  two  coils  (iee  Figs.  36), 
the  whole  is  compressed  by  end-plates  and  tie-rods.     The  oom- 


DIBTBIBimotl  OF  KUtCTRICAL  SNBBOT  BT  THANBFOBMKBS.  ITS 

pleted  ooQTortor  is  eDOlosed  in  a  oast-iion  box,  the  two  h&lTeB  of 
which  are  bolted  together  with  a  waterproof  joint  (mc  FigB.  37 
and  38).     The  eada  of  the  primaiy  and  seoondai;  coils  are 


Via.  CT.— WatiiighouBs  TrajiBformer  iu  Iron  Cue. 

brought  out  to  fiMe-pUt«a  under  swing  lids.  There  are  the 
neual  primary  and  seoondaiy  fuses,  these  being  covered  in 
with  ghiBS  plates.     The  converter  case  haii  a  rini;  and  lugs  bj- 
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which  it  18  attached  to  walb  of  buildings  of  to  poata.  A  very 
usual  practice  is  to  affix  the  ooiiTerter  to  the  oroas-arm  of  the 
poHt  carrying  the  primary  wires  or  to  the  walls  of  a  building 
{tee  Figa.  39a  and  39b). 

The  oonTertera  are  manufiuituied  in  four  sizes  for  500, 1,000, 
1,500,  and  2,000  watts  output,  or  for  10,  20,  30,  40,  50-ToIt 


Fio.  38. — Sectioii  of  WeBtinghouM  Tmuformar  in  CaH& 

16  candle-power  lamps.  It  is  generally  the  custom  to  employ 
the  converters  singly  on  separate  secondary  circuits,  and  not  to 
bank  them  with  secondaries  in  parallel  on  the  same  curouit,  as  it 
is  considered  that  if  the  primary  fuse  of  one  conTerter  "  blows," 
the  additional  load  thrown  on  the  other  converters  is  apt  to  break 
down  the  whole  set.    The  transformer  generally  used  lowers 
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proopme  £rom  1,000  volts  to  50  volts.  Although  the  con- 
verlers  are  very  light,  and  have  a  smaller  quantity  of  iron  in 
the  cores  than  might  be  considered  desirable,  they  appear  to  be 
efficient  in  performance.  Comparative  tests  made  by  the 
calorimeter  method  at  the  Electrical  Testing  Bureau  of  the 
Johns  Hopkins  University,  U.S.A.,  in  1889,  gave  results  as 
follows  for  the  electrical  efficiencies  of  these  transformers  at 
various  loads : — 


Efficiency  of  WesUnghowe  Converters. 


Gapftdty  of  trans- 

fonner  in  60-yolt 

16  oandle-power 

lamps. 

Power  in  watts 

supplied  to 

pnmaiy 

oirouit. 

Output  in 

'Watts  on 

secondary 

cixouit. 

Watts  lost. 

Efficiency,  in 
percent. 

10  lamps 

S  ;: 

40      „ 

S  :: 

30      „ 
40      „ 

585-3 
1109-3 
1529  0 
21510 

Half 

3340 

660-5 

8830 

1243-4 

Load. 

504-0 

994-3 

13950 

2010-0 

Load, 

257-0 

5521 

7510 

1120-0 

81-3 
115-0 
134-0 
141-0 

77-0 
108-5 
132-0 
123-4 

85-9 
89-6 
91-2 
93-4 

76-9 
83-6 
85  05 
9008 

Prof.  G.  Forbes,  employing  the  same  calorimeter  method  on  a 
30-light  transformer,  obtained  an  efficiency  of  95  per  cent,  at  half- 
load.  The  calorimeter  method  is,  however,  one  somewhat  difficult 
to  carry  out  with  accuracy,  and  such  discrepancies  in  results  are 
not  unlikely  to  occur  even  between  careful  observers.  Tests  made 
at  the  Institute  of  Technology,  Massachusetts,  employing  the 
calorimeter,  and  using  a  20-light  converter,  gave  an  efficiency  at 
fnU  load  of  93  per  cent.*  In  this  case  the  alternations  were 
14,530  per  minute.    Probably  the  most  complete  tests  on  the 


*  Electrical  World,  Vol.  XV.,  Januaiy  18, 1890,  p.  46 
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efBcienoy  of  these  tnuaflformerB  are  those  of  Dr.  Louis  Dimoan 
and  Mr.  W.  F.  C.  Hasson,  made  in  1890  at  the  testing  labo- 
ratory of  the  Johns  Hopkins  University,  on  a  750-light  West- 
inghouse  plant.*  The  dynamo  was  driven  through  a  Tatham 
dynamometer  by  an  Armington  and  Sims  engine.  Engine^ 
dynamo^  and  dynamometer,  were  bolted  down  to  heavy  timber^ 


Fio.  39^ — Westingboun  Truuformer  affixed  t 

and  the  current  conveyed  to  a  bank  of  transformen  of  the 
40-light  size.  These  transformers  supplied  incandescent  lamps. 
The  efficiency  of  these  converters  was  separately  determined 
by  a  calorimeter  method,  by  placing  them  in  a  metal  box,  with 
double  walls,  between  which  water  waa  allowed  to  flow.    The 

•  Elatrieian,  VoL  XIIV.,  p.  695,  I89a 
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tempeiatura  of  the  water  at  exit  and  eDtranoe  vera  obaerved, 
4S  well  as  the  weight  of  water  which  pawed  through ;  at  the 
•ame  tiine  the  current  Had  potential  diSbrmoe  in  the  aeoonduy 


Fla.  39b. — WwUnghoiue  Tmuformen  ftffix«d  to  «zt«rioT  of  bnllclln^ 

cironit  of  the  oonverter  waa  measured.  A  series  of  corrections 
had  to  be  applied  for  radiation.  A  40-light  and  a  20-tight  cod- 
Terter  were  tested,  with  rasulta  as  given  on  the  next  page. 
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Efficiency  of  a  WesHnghouse  Converter^  40- Light, 
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Efficiency  of  a  Westinghouse  Converter,  20-Light, 
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Experiments  at  slightly  different  primary  potential  differences 
showed  that  the  loss  in  the  iron  varied  very  nearly  as  the  square- 
of  the  voltage. 

The  efficiency  of  the  converters  being  determined,  that  of 
the  dynamo  alone  could  be  found.  A  series  of  experiments 
was  made,  in  which  the  power  supplied  to  the  pulley  of  the 
dynamo  was  compared  with  the  electrical  power  taken  up  in. 
the  lamps  on  the  secondary  circuits  of  the  transformers,  and  as  a. 
result  the  net  or  over-all  efficiency  of  the  system  determined. 
The  lamp  load  was  taken  at  ^,  },  f  and  full  load,  and  the- 
power  determined. 


Efficiency  of  760-Light  Weetinghouse  Plant  at  Various  Loads^^ 
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Looking  at  thefle  figures,  we  see  that  there  is  even  at  no 
load  only  a  small  loss  in  the  conyerters  themselves,  but  there 
Is  a  very  considerable  loss  in  the  dynamo  armature.  The  twenty 
40-light  converters  supplying  the  750  lights  at  full  load 
absorb  only  some  2,000  watts,  or  about  3-horse  power,  when 
the  secondary  circuits  are  open ;  but  since  the  total  loss  is  at 
fall  load  equal  to  1 3-horse  power,  it  follows  that  there  is  a  loss 
of  10-horse  power  in  the  dynamo  at  full  load.  From  the  above 
€gure6  it  appears,  however,  that  at  full  load  the  commercial 
•efficiency  of  the  alternating  dynamo  in  itself  reaches  some 
where  about  86  per  cent.  Taking  a  commercial  load  diagram 
for  the  24  hours,  and  reckoning  the  average  diurnal  or  *'  all 
day "  efficiency  of  such  a  750-light  plants  we  find  it  to  be 
about  60  per  cent.  That  is  to  say,  if  such  a  plant  were 
•continuously  supplying  incandescent  lamps  in  ordinary  houses 
60  per  cent,  of  the  energy  given  to  the  dynamo  in  the  24 
hours  would  be  represented  by  electrical  energy  in  the  lamp 
circuits,  and  the  rest  would  be  dissipated  in  the  machine  and 
converters.  In  actual  central-station  work  good  arrangements 
and  proper  selection  of  the  size  of  unit  machine  would  keep 
the  working  dynamo  plant  very  nearly  fully  loaded  at  the 
various  hours  of  the  day,  and  a  considerably  higher  average 
•efficiency  might  be  attained  in  the  all-day  use  of  such  properly 
divided  plant.  Further  reference  will  be  made  to  the  question 
•of  the  reduction,  of  the  diurnal  waste  as  far  as  regards  the 
transformers  and  the  relative  advantages  of  transformer  centres 
and  lazge  and  small  transformers. 

§  14  Switchboards  and  Begnlators.  —  The  switchboard 
arrangements  in  this  system  are  particularly  well  devised.  A 
awitchboard  is  generally  set  up  for  each  dynamo  and  for  five 
•or  six  feeders.  The  usual  American  practice  is  not  to  work  the 
alternating  current  dynamos  in  parallel,  although  this  is  quite 
practicable,  but  to  permit  each  dynamo  to  supply  two  or  more 
feeding  or  primary  circuits  at  full  load,  and  then,  as  the  load 
^^oes  off,  to  group  or  gather  together  the  feeders  on  to  one  or 
'two  dynamos  in  order  to  keep  the  working  dynamos  as  fair  as 
possible  fully  loaded  up.  figure  40  shows  a  switchboard 
arrangement  (not,  however,  the  newest  form)  for  two  dynamos 
and  four  primary  lines. 
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Fia.40 
WasUiighouBa  Switchboard  for  Two  Dfuamos  mkI  Four  (SrenUa; 
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Gommencing  at  the  bottom  of  the  Bwitohboard  we  see  four 
rheoetats.  The  two  small  ones  at  the  c^tre  control  the  field 
oirouits  of  the  exciters.  It  is  the  usual  practice  to  provide  each 
station  having  more  than  one  dynamo  with  duplicate  exciters, 
each  baying  a  capacity  sufficient  to  charge  the  fields  of  all  the 
ahemate  dynamos.  Only  one  exciter  is  in  use  at  a  time,  the 
other  standing  idle  as  a  reserve.  It  follows,  therefore,  that  the 
governing  of  the  electromotive  force  of  all  the  alternators  is 
efleoted  by  an  introduction  of  resistance  into  the  field  circuit  of 
tills  exciter. 

The  control  of  the  electromotive  force  of  each  separate  alter- 
nator is  effected  by  the  introduction  of  resistance  into  the  field 
oircuitB  of  these  machines  by  the  rheostats  on  either  side  of  the 
middle  ones.  The  small  changing  switches  between  the  rheo- 
stats are  for  connecting  either  exciter  with  either  dynamo  at 
will,  and  for  connecting  the  field  circuits  of  both  dynamos 
together.  Over  the  rheostats  are  shown  four  sets  of  trunk 
wires,  each  consisting  of  two  heavy  parallel  copper  rods. 
Between  each  upper  and  lower  set  are  three  changing  switches. 
The  wires  leading  to  the  middle  connection  of  the  centre  switch 
come  from  the  No.  1  dynamo,  whose  current  can  be  delivered 
to  the  upper  or  lower  trunk  wires  at  pleasure.  The  two  outside 
switches  of  each  triplet  enable  the  primary  wire  attached  to  the 
centre  connection  of  the  switch  to  be  put  in  connection  with 
either  trunk  circuit  at  pleasure.  Between  the  two  sets  of 
tnmk  wires  are  seen  two  multiple-arcing  switches,  which 
enable  the  dynamos  to  be  run  in  parallel  if  desired,  and  a 
synchroniser  or  phase  indicator  is  provided  as  described  in 
connection  with  the  Leghorn  Central  station  {see  §  9)  to  enable 
the  dynamos  to  be  put  in  parallel  when  in  phase. 

Over  the  trunk  wires  come  a  row  of  six  safety  catch-holderSi 
each  with  double  fuses  and  plug  cut-outs.  Over  these  safety 
floses  are  four  voltmeters,  each  with  its  attendant  compensator 
above  it.  These  voltmeters  serve  to  measure  the  pressure  at 
the  far  end  of  the  line,  and  the  compensator  corrects  the  volt- 
meter reading  for  the  fall  in  volts  along  the  line.  Between 
the  voltmeters  on  the  dynamo  main  comes  the  amperemeter. 
At  the  top  of  the  switch-board  is  a  row  of  small  transformers, 
which  serve  to  reduce  the  pressure  for  the  voltmeter.  It  is 
seen  that  a  large  variety  of  possible  changes  are  readily 
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effected  with  &  Bwitc^boud  of  this  kind,  and  thkt  it  fi»K1<>ff 
one  attendant  to  regulate  a  number  of  feeding  or  piimuy 
oiicuitB.  In  larger  oeatral-otation  switoh-boarda  the  arrange- 
ment ia  eom^what  different.  For  eaoh  feeding  w  pnmtxj 
maia  there  is  a  separate  panel,  and,  by  an  arrangenient  of 
plug  awitohee,  any  one  of  the  whole  batteiy  of  dynamoa  can 
be  worked  on  to  this  feeder.  Also,  by  a  tiirow-over  awitoh  in  the 
)  centre  of  this  board,  this  feeder  oan  be  instantly  thrown  over  on 
to  any  other  selected  dynamo.  Hence  it  beoomes  the  easiest 
operation  to  group,  or  collect,  or   change  over  the  feeders 


Fio.    41.— Kkpp'c  Hsthod    of    B^uUting 
Elactromotive  Fotm  at  tha  tenninxtion  of  a  Flo.  42. 

feedttF.  PbtprimRrycoilin  serisawith  tlis 
feeder  F,  uid  S  u  ft  eecondu;  coil  in  ihnnt 
offtheomnibuBintiDiO  O.  UoreorleaBOf  the 
lunu  ol  8  »ra  thrown  iato  oiroait  m  requiMd. 

from  one  machine  to  the  other;  and  American  practice  has 
■eemed  to  indicate  that  this  arrangement  is,  on  the  wh(4e, 
easier  to  operate  than  working  the  dynamos  in  parallel 

When  several  feeders  proceed  from  one  dynamo,  and  on  theee 
supply  lines  different  consumption  exists  than  in  each  of  the 
primaries,  the  fall  in  volts  may  require  adjustment  from  time 
to  time.  To  introduce  resistance  into  the  feeder  would  be  » 
very  crude  device ;  the  necessary  independent  adjustment  of 
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the  Tolts  at  the  far  end  of  the  feeder  can  be  better  obtained  hf 
a  method  due  to  Mr.  G.  Eapp.*  Let  0,  O,  Fig.  41,  be  the 
omnibnB  bars  from  which  the  feeders  start  The  feeder  F  has  in 
series  with  it  one  coil,  P,  of  a  transformer,  the  other  coils  of  which 
is  a  shunt  across  the  omnibus  bars ;  by  inserting  more  or  less  of 
the  turns  of  the  coU  S  into  circuit  by  a  shifting  contact,  a  little 
auxiliary  volts  are  put  into  the  feeder  by  the  inductive  action  of 
the  coil,  which  is  in  shunt  across  the  omnibus  bars.  This  regu- 
lating device  may  be  so  designed  as  to  add,  or  be  capable  of 
adding,  50  to  100  volts  to  the  1,000  or  2,000  volts  already  on 
the  feeder ;  hence,  a  movement  of  a  lever  enables  the  station 
engineer  to  adjust  with  great  accuracy  the  volts  at  the  far  end  of 
the  feeder,  and  to  do  this  for  each  feeder  independently,  even 
though  all  may  be  working  off  one  dynamo,  f 

The  arrangement  employed  for  determining  the  volts  at  the 
far  end  of  the  feeder  b  essentially  the  same  as  the  method 
already  described  in  connection  with  the  Ganz  system.  The 
voltmeter  is  in  series  with  the  secondary  circuits  of  two  trans- 
formers, one  of  which  has  its  primary  in  series  with  the  feeder 
circuit,  and  the  other  of  which  has  its  primary  as  a  shunt  across 
the  feeder  (see  Fig.  42).  The  electromotive  forces  of  these  two 
transformers  are  opposed  to  one  another.  Since  the  secondary 
electromotive  force  of  the  transformer  in  shunt  is  proportional  to 
the  primary  electromotive  force,  and  since  the  secondary  electro- 
motive force  of  the  transformer  in  series  is  proportional  to  the 
primary  current  strength,  the  difference  between  the  two  is  pro- 
portional to  Y-R  C,  where  V  is  the  primary  volt  and  0  the 
primary  current  strength.  As  already  explained,  this  difference 
is  proportional  to  the  pressure  at  the  far  end  of  the  feeder,  and 
by  proper  adjustment  the  voltmeter  can  be  made  to  indicate  this 
pressure,  wiUiout  any  need  for  pressure  wires  run  back  to  the 
station.    In  the  Westinghouse  system,  the  necessary  trans- 

*  See  Proe.  Tmt,  Elect,  JBng.  London,  Vol  XVIIL,  p.  215, 1889. 

t  Full  AteilB  of  this  method  of  Mr.  Eapp  may  be  obtained  by  eon- 
tulting  hiB  Britiah  Speciflcation,  Ko.  4346  of  1888.  The  Tariable  tuxna  on 
the  feeder  tranafonner  may  he  placed  either  in  the  aeoondaiy  circuit  or  In 
the  primary  drouitb  PMctically  the  same  invention,  with  slight  modxfioa- 
-tioni^  was  patented  by  the  Weetinghouae  Electric  Company  for  Stillwell 
in  a  Britiah  Spedficatton,  No.  3844  of  1889.  Further  devices  are  patented 
by  Mr.  Kapp  in  a  BrKash  Specification,  Ko.  6728  of  1889.  The  Westing- 
houae  people  call  this  device  a  "  booster." 
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{otmen  for  this  pnrpose  are  put  together  mto  a  box  and  called 
a  oompensator  (we  Fir.  i3);  all  that  haa  to  be  done  is  to 
oonnect  tiie  voltmeter  to  the  compensator.* 


Fn,  43.— Weitinglioiue  CompnustM'. 


*  Tbit  flnmtiil  prlndpla  of  tliit  method  of  mMiuring  tha  volta  at  tlis 
bt  aod  of  m  liu  witliout  prewurB  wira,  uid  mlao  of  kaaping  tha  Tolta 
ooMtuit  >t  tha  tkr  eod,  irraspectiTa  of  load,  k  explaiiMd  in  Dr.  J, 
Ettskjaaoa'a  Britith  Spsoifiaatioii,  No.  3676  of  1882. 
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In  addition  to  the  regulation  of  pressure  which  is  carried  on 
at  the  station,  it  is  necessaiy  at  theatres  and  in  hotises  to  be 
able  to  adjust  the  working  eleotromotiTO  force  on  the  lamp 
oirouits.  There  are  two  neat  devices  used  by  the  Westinghouse 
Company  for  this  purpose,  called  stage  and  house  regulaton. 
The  stage  r^ulator,  intended  chiefly  for  the  regulation  of  stage 


Flo.  44. — Weatinghousa  Stage  Regulaba:, 


noLlS. — IMagrun  of  Coimectioni  of  Ra.4& — WeetinghoiiM'"  House 

Stag*  Begulktor.    T  U  the  Tnuu-  BaguUtor."  T  ia  the  Bouw 

fonncr  ;   S,  the  Stage  Bqpilktor ;  Tnuutormo' ;  H,  House  B^n- 

■od  h,  the  Stage  Lamp*.  later  ;  L,  Ltmps. 

lights,  is  shown  in  Fig.  41.  It  consists  of  two  connected  coils 
of  wire,  with  an  iron  core  not  quite  so  long  as  one  bobbin  sliding 
thioogh  both.  One  coil  may  be  called  the  series  and  die  other 
the  Bhont  coiL    The  diagram  above  (Fig.  15)  shows  the  mode 
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of  (Nmnootion  to  the  lamp  oiroait  and  tmuformar.  When  tha 
iron  core  is  pushed  wholly  within  the  shunt  ooil  it  bestows  npaa 
it  sooh  indootaaoe  that  it  blocks  out  all  oorrent  through  the 
shunt,  and  the  lamps  will  be  at  their  full  brilliancy.  On  gn- 
duolly  drawing  the  iron  core  out  of  the  shunt  ooil  and  Into  the 
seriee  ooil  the  inductanoe  of  the  series  Doil  is  inoreased,  and  that 
of  the  other  ia  diminished.  Hence  the  ourcent  through  the  lampt 
is  diminished  by  both  actions,  and  the  lamps  become  less  bright. 


FiQ.  46a. — We itiushouw  Houie  Lamp  BeguUtor. 

A  sotnewhat  similar  arraagement  is  provided  tor  a  faoOM 
regulator.  Across  the  secondary  circuit  of  the  bouse  transformer 
is  a  single  odl,  H  (tee  Fig.  16),  and  the  sereral  sections  of  this 
ooil  are  brought  up  to  a  revolving  contact,  R,  By  turning  a 
handle,  S,  more  or  less  impedance  can  be  inserted  in  the  lamp 
drooit.  The  ooil  also  acts  as  an  auto-converter,  and  can  be  made 
to  raise  tiie  lamp  volts  slightly  above  the  volts  at  the  terminals 
fg  the  transformer.  The  coils  of  the  regulator  which  project  aa  it 
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were  beyond  the  points  a  ft,  at  which  the  transformer  seoondary 
circuit  is  joined  in,  have  inductive  electromotive  force  set  up  in 
tfaem  by  the  neighbouring  coils,  which,  being  added  to  the 
actual  secondary  or  impressed  electromotive  f orce^  between  a  6, 
make  it  possible  to  have  the  volts  on  the  lamps,  L,  actually 
higher  than  the  secondary  terminal  volts  at  the  transformer. 
The  general  appearance  of  the  house  regulator  is  shown  in 
Fig.  46a. 

§  15.  Typical  Westinghouse  Transformer  Stations. — One  of 
the  largest  stations  for  the  supply  of  electric  current  by  the 
Westinghouse  transformer  system  is  at  Pittsburgh,  Pa.,  in  the 
United  States.  The  boilers  at  this  station  are  of  the  water- 
tube  type,  heated  by  natural  gas.  The  engines  are  of  the  well- 
known  standard  Westinghouse  engines,  and  stand  on  square 
blocks  of  concrete  or  masonry,  the  blocks  for  the  size  used, 
250  horse-power,  being  about  7ft  by  5ft.  Five  of  these 
engines  drive  five  alternating  current  dynamos,  each  having  a 
capacity  for  2,500  16  candle-power  incandescent  lamps.  Be- 
sides this  there  is  a  Corliss  engine,  driving  another  dynamo. 
The  exciters  are  driven  from  separate  smaller  engines.  The 
engines  drivii^  the  alternating  dynamos  make  250  revolutions 
per  minute,  and  the  dynamos  1,050.  The  power  of  the  engines 
is  conveyed  to  the  dynamos,  which  are  placed  on  a  floor  above, 
by  belts.  Each  dynamo  is  fixed  on  a  sliding  bed,  so  that  the 
belt  can  be  tightened.  The  general  construction  of  these  alter- 
nators has  been  described  in  a  previous  section.  From  the 
dynamos  the  mains  are  run  to  the  switch-board  in  troughs  cut 
in  the  joists  supporting  the  floor.  The  switch-board  at  Pitts- 
burgh is  about  9ft.  high  and  14ft.  long,  and  stands  away  from 
the  wall  of  the  dynamo  room  about  3ft.  to  enable  access  to  be 
had  behind  it  for  making  all  connections. 

One  single  exciter  dynamo  is  used,  another  being  in  reserve, 
to  provide  exciting  current  for  several  machines,  and  con- 
venient switches  are  placed  on  the  board  to  enable  the  excita- 
tion to  be  effected  by  either  of  the  exciters.  The  general 
details  of  the  board,  as  well  as  the  arrangements  for  measuring 
and  regulating  the  pressure  at  the  far  end  of  each  feeder,  have 
been  already  described.  This  station  furnishes  current  for 
about  13,000  incandescent  lamps  (1890). 


«     r 
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A  very  typical  WestinghouBe  station,  operating  overhead 
primary  conductors,  is  that  at  East  Liberty,  Pa.,  U.S.A.  The 
service  from  this  station  covers  a  very  extended  area,  com- 
prising the  business  portion  of  the  city,  which  lies  at  an  average 
distance  of  half  a  mile  from  the  station,  ramifying  through  an 
extended  series  of  residence  streets,  and  carrying  a  special  line 
to  a  distant  suburb  in  which  the  last  lamp  is  f  our-and-a-quarter 
miles  from  the  dynamo.  The  arrangement  of  the  building  is 
shown  in  Fig.  47.  A  one-storied  brick  building  contains  offices, 
stores,  dynamos,  and  boiler  room.  The  plant  has  an  aggre- 
gate capacity  of  about  8,000  lights.  Dynamos  and  engines 
are  on  the  same  floor,  every  part  of  which  is  under  the  eye  of  a 
single  attendant.  The  engines  and  dynamos  stand  on  brick 
foundations.  Each  engine  is  belted  to  its  own  dynamo.  The 
steam  pipe  is  brought  along  overhead,  and  the  engines  exhaust 
into  a  main  laid  in  a  covered  trench  underneath  the  floor.  Two 
exciters  are  provided  as  shown  on  the  left  of  the  dynamo  room, 
each  adequate  to  supply  current  to  the  entire  station,  and  each 
driven  independently  by  its  own  engine.  Only  one  exciter  and 
engine  is  operated  at  once.  The  position  of  the  exciters  and 
engines  is  such  that  by  changing  a  belt  either  engine  can  drive 
either  exciter.  Two  overhead  cranes  traverse  the  whole  length 
of  the  buildings  over  the  engines  and  dynamos.  Using 
natural  gas  to  fire  the  boilers,  attendance  is  reduced  to  a 
minimum,  and  one  attendant  in  the  dynamo  room  can  give 
all  necessary  attention  to  the  engines,  dynamos,  exciters,  and 
switch-board.  The  redu<!tion  of  labour  to  a  minimum  is 
especially  made  an  object  in  the  design  of  these  American 
stations. 

In  connection  with  these  transformer  stations,  a  system  of 
street  incandescent  lighting  has  been  worked  out,  which  is 
very  efficient,  and  enables  a  large  amount  of  street  lighting 
over  scattered  areas  to  be  taken  up,  but  which  would  not  be 
remunerative  if  primary  mains  and  transformers  had  to  be 
placed  along  the  whole  route.  Starting  anywhere  from  one 
primary  main  or  feeder,  P  (see  Fig.  48),  a  single  line  is  run 
following  the  route  of  the  proposed  street  lighting;  and  at 
every  place  where  a  street  light,  L,  is  required,  an  impedance 
or  choking  coil,  I,  is  placed  having  a  low-resistance  series 
incandescent  lamp  across  its  terminals.     This  line  is  then  so 
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nm  that  it  terminatea  at  some  distant  spot  on  the  other 
member  of  that  same  primary  line  or  feeder.     Suppose  tliat 


Vm.  49.— WMlinghouM  Impeduice  Coil  tor  Seriea  lighting. 

&s  primary  pressure  is  1,000  volts,  and  that  10  volt  low- 
teaistanoe  lamps. are  used,  there  can  be  100  such  coils  and 
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lamps  on  tli&t  seriea  line.  The  impeduioe  ooU  ia  ooDtained  io 
a  box  on  the  bracket  Aat  oarries  the  lamp  {tee  Hgs.  49,  60). 
It  any  lamp  breaks,  the  impedance  coil  is  tJiereb;  Utrown  into 
the  oironit  and  lowen  the  aarrent  jviat  by  tlutC  amonnt  which 
keeps  t^  test  of  the  lamps  on  tliat  oironit  from  being  over 
burnt.  Henoe  the  breakaf^  of  any  ot  the  lamps  does  not 
afieot  the  light  of  the  rest,  nor  does  the  removal  of  one  lamp 
in  any  way  affect  the  operation  of  the  others,  although  the 
lamps  are  all  in  series. 


Pio.  60.— Soriw  Stnet  I*mii  ud  Tmp«d«iica  Con. 

g  16.  WectlngboTue  Oentnl  Station*  In  England. — 
Satdlula  Street. — One  of  the  largest  of  these,  now  completely 
finished  and  in  active  operation,  is  that  in  Sardinia-street, 
Uncoln'a  Inn-fields,  London.  The  erection  of  this  station 
was  begun  in  August,  1888,  and  on  September  21, 1889,  cur- 
rent was  first  supplied  from  it.  The  dynamo  plant  and  engines 
were  constructed  by  the  Weetinghonse  Company,  and  it  was 
arranged  and  fitted  up  by  this  last-named  Cfurporatnon  for  the 
Uetropolitan  Electric  Supply  Company  of  London.  The 
Sardinia-street  station  is  a  very  complete  and  ^pioal  station 
fbr  the  supply  of  electric  cuirenbl  on  the  alternating-current 
transformer  system.  It  consists  of  a  substantial  two-storey 
building,  in  the  construction  and  design  of  which  the  highest 
possible  architectural  and  engineering  skill  has  been  applied 
to  oope  with  the  diffioultiee  which  might  arisefirom  noise  or  vibra- 
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tion  in  a  building  so  placed  in  the  oentre  of  a  closely  inhabited 
Metropolitan  area.  It  may  broadly  be  described  as  a  box 
within  a  box ;  that  is  to  say,  the  central  portioii|  or  machinery 
rooms,  are  enclosed  in  a  building  which  is  itself  contained  in  a 
dosed-in  space ;  and  the  communication  of  aerial  vibration  is 
thus  gready  limited  by  the  double  walls  with  intervening  space 
which  separate  what  may  be  called  the  vitals  of  the  station 
from  the  external  space.  The  communication  of  vibration 
through  the  foundations  has  been  prevented  by  the  most  care- 
fully arranged  methods,  and,  generally  speaking,  the  whole 
problem  of  installing  a  steam  plant  of  the  magnitude  required 
in  such  a  maimer  as  to  avoid  the  difficulties  inherent  in  such  a 
work,  has  been  dealt  with  in  a  manner  which  speaks  highly  for 
the  skill  and  experience  invoked.  The  general  plan  of  the 
station  is  shown  in  Figs.  51,  52  and  53.  The  chimney  shaft  is  of 
white  glazed  brick  externally,  and  the  whole  building  is  lined 
internally  with  white  glazed  brick,  which  gives  it  a  very  clean 
appearance.  The  ample  space  in  the  dynamo-room,  engine- 
room,  and  boiler-house  render  the  working  of  the  station  most 
comfortable  to  the  staff. 

On  the  ground  or  entrance  floor  are  placed  the  engines  (see 
Fig.  52).  The  dynamos  and  exciters  are  on  the  floor  above,  and 
are  driven  by  belting  passing  up  through  the  floor.  The  boiler- 
house  is  on  a  lower  level  than  the  engine-room,  and  the  coal 
store  is  so  arranged  that  the  coal  is  shot  down  from  the  street 
level  direct  into  it. 

Entering  on  the  engine-room  level,  which  opens  into  a 
covered  yard,  we  find  a  double  row  of  Westinghouse  com- 
pound engines.  Five  of  these  engines  are  each  of  250  horse- 
power, and  five  are  of  a  rather  larger  size,  making  in  all 
a  provision  for  the  actual  production  of  about  3,000  horse- 
power. Behind  one  series  of  these  main  engines  stand 
three  Westinghouse  engines  of  65  horse-power,  each  of  which 
serves  to  drive  the  exciter  dynamos.  The  main  engines  have 
high-pressure  cylinders  of  14in.  diameter,  and  low-pressure 
cylinders  of  24iiL  diameter  and  14in.  stroke,  and  are  techni- 
cally known  as  14  x  24  x  14  engines.  The  exciter  engines  have 
high-pressure  cylinders  of  lOin.  and  low-pressure  cylinders  of 
18in.  and  lOin.  stroke.  These  Westinghouse  engines  are  so  well 
known  that  space  need  not  be  occupied  by  detailed  description 
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of  them.  They  are  highnspeed  engmes,  making  200  revolutions 
per  minute,  and  haying  a  piston  speed  of  653ft.  per  minute. 
At  Sardinia-street  they  are  worked  non-oondensing.  Each 
engine  is  built  up  on  a  brick  and  concrete  platform  which  resta 
on  a  bed  of  felt  and  sheet  lead,  this  in  turn  reposing 
on  the  concrete  foundations.  By  this  device  the  communica- 
tion of  *Hhump"  through  the  foundations  is  prevented. 
This  series  of  separate  engines  forms  a  steam  plant  which 
can  be  divided  up  and  operated  in  such  a  manner  as  to 
secure  that  the  engines  actually  in  use  are  being  worked 
as  nearly  as  possible  at  their  full  power.  Each  engine  drives 
its  own  alternating  current  dynamo  on  the  floor  above  by 
means  of  a  leather  belt.  These  belts  are  20in.  in  width  and 
made  of  the  finest  leather,  spliced  with  bevelled  joints  to  avoid 
any  double  thickness  at  a  joint.  The  engines  ixke  steam  from 
a  ring  steam  main  and  exhaust  into  a  single  exhaust  pipe  large 
enough  for  3,000  horse-power.  Each  section  of  the  ring  steam 
main  can  be  isolated  by  stop  valves,  so  that  any  section  can  be 
cut  out  without  affecting  the  rest.  Descending  down  one  flight 
of  steps  into  a  lower  level  we  find  ourselves  in  the  boiler-house^ 
in  which  are  erected  twelve  Babcock  and  Wilcox  water-tube 
boilers,  each  capable  of  evaporating  6,0001b.  of  water  per  hour. 
These  boilers  are  set  in  two  rows  face  to  face  down  the  sides  of 
the  boiler-house,  the  length  of  the  house  being  about  100ft. 
Ample  space  to  stoke  is  left  between  the  furnaces ;  and  down 
the  centre  of  the  gangway  runs  a  tram-line,  on  which  the 
coal  trolleys  are  run  from  the  coal  store  to  the  furnace 
mouth.     Underneath  this  gangway  are  the  blow-off  tanks  and 

piping. 

The  boilers  are  supplied  with  water  by  three  Worthington 
steam-pumps,  any  two  of  which  will  do  the  whole  work ;  and 
the  feed  is  so  arranged  that  it  can  be  taken  either  through  the 
feed-water  heaters,  of  which  there  are  three,  or  by  a  by-pass 
direct  into  the  boilers.  The  boilers  are  fed  from  both  drums. 
The  water  tank  is  large  enough  for  twelve  hours'  work  at  full 
load,  and  there  is  also  a  water  supply  direct  from  the  mains.  The 
boilers  can  be  thus  supplied  either  direct  from  the  mains  or  from 
the  water  tank,  and  the  water  can  be  taken  either  through 
the  feed-water  heaters  or  direct  into  the  boilers.  The  floor  of 
the  boiler-house  is  about  eight  or  ten  feet  below  the  level  of 
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the  street,  so  that  dirt  cannot  be  carried  into  the  engine-room. 
The  boiler-house  has  a  glass  skj-light  roof,  and  is  comfortable 
and  spacious.  At  the  end  of  ike  boiler-house  is  the  coal  store, 
capable  of  holdmg  about  500  tons  of  coal.  Into  this  store  the 
coals  can  be  shot  down  from  the  coal  carts  in  the  street 
above  by  shoots.  There  it  is  handled  into  the  coal  trolleys  and 
goes  at  once  by  the  boiler-house  tramway  to  be  delivered  at 
each  ashpit  It  is  thus  seen  that  the  minimum  of  labour  is 
required  both  in  stoking  and  in  coal  handling.  The  boilers 
aU  feed  their  steam  into  a  ring  main,  the  general  plan  of 
the  steam  piping  being  shown  in  Fig.  51. 

Ascending  on  to  the  first  floor,  above  the  engine-room 
we  find  ourselves  in  a  large  and  well-lighted  dynamo-room 
{see  Fig.  53).  Here  are  ten  Westinghouse  alternate-current 
dynamos,  of  125  kilowatts  output  each,  providing,  there- 
fore, for  a  total  output  of  1,250,000  watts,  or  for  a  supply 
of  20,000  50-watt  lamps,  all  burning  at  one  time.  These 
dynamos  are  respectively  driven  by  the  belting  coming 
up  from  the  associated  engine  on  the  floor  below.  The 
belts  and  pulleys  are  covered  in  with  belt  shields.  Each 
dynamo  generates  an  alternating  current  at  a  pressure  of  about 
1,050  volts  when  running  at  its  normal  speed  of  1,030  revolu- 
tions per  minute.  These  dynamos  are  technically  known  as 
the  **  No.  3 "  size.  They  are  bolted  down  on  strong  wooden 
frames,  and  have  the  usual  belt  tighteners  and  screws.  All 
moving  parts  of  the  dynamos  are  supplied  with  oil  from  sight- 
feed  lubricators,  which  are  themselves  fed  from  an  oil  tank 
placed  at  a  higher  level.  From  this  oil  tank  proceed  a  system 
of  oil  pipes  to  each  dynamo.  The  waste  oil  runs  away  down- 
stairs by  waste  pipes ;  it  is  cleaned,  filtered,  and  pumped  up 
again  to  the  oil  tank  by  a  small  pump.  By  this  excellent 
arrangement,  which  is  characteristic  of  American  engineering, 
the  use  of  oil  cans  is  rendered  entirely  unnecessary. 

The  detailed  description  of  this  size  and  type  of  Westing- 
house  alternator  has  been  given  in  §  12  of  this  chapter.  A 
few  further  details  of  its  construction  may  here  be  given. 
The  armature  is  composed  of  sheet-iron  discs,  which  are 
punched  out  in  the  centre  so  as  to  leave  wheel-shaped  iron 
laminse  (see  Fig.  54).  These  sheets  are  put  together  without 
paper   between   them,  but  are  previously,  however,   slightly 
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oxidiaed  or  nuted.  It  is  found  tiiat  the  thin  layer  of 
<nida  has  anfBoient  elsotiic  non-oonduotivity  to  attest  eddy 
onmats,  but  yet  not  any  dindvantageoua  magnetio  non-oon- 
dtiot3Tit7.  Theee  irm  diaca  are  aasembled  on  the  ateel  ahaft, 
and  oompreaaed  by  massive  aorew-nuta  between  end  platea.  The 
aott-iion  plates  are  oaiefully  annealed  after  being  puoohedi  ao 


Via.  S4.— Sbeet-Irra  Dim  of  We(tin((lu>vas  Aranton  Cora. 

as  not  to  require  touching  witii  tools  after  this  annealing.  On 
this  iion  core  ia  laid  a  layer  of  aabeatoe  and  mioa,  and  then  on 
thia  the  flat,  Iink:-8haped  ooila  of  inaulated  wire.  Theae  ocula 
oonaiat  of  one  layer  of  wire  formed  into  a  flat  coil  of  13  tuma. 
Each  ooil  is  27ia.  long  in  the  straight  part,  5'5in.  wide;  and  the 

^« Z7^ 


Fia  6G. — Single-FUt  Coil  of  WeatinghouM  Armmtnre. 

aperture  of  the  coil,  which  is  filled  in  with  a  wooden  lathe,  b 
lio.  wide  (xe  Fig.  65).  Hence  there  are  27  x  26~702in.  of 
active  wire  on  each  ooil.  These  ooila  are  lud  on  the  drum,  and 
are  just  so  long  that  the  curved  ends  of  the  coils  can  be  bent 
over  the  end  of  the  drum,  Sixteen  such  coils  are  laid  on, 
having  one-quarter  of  an  inch  space,  occupied  by  a  wood  atrip. 
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between  adjacent  coils.  The  coils  are  then  bound  on  the 
.drum  with  brass  wire,  the  wire  of  the  coils  being  protected 
by  asbestos  and  mica  insulation.  The  surface  of  the  core 
is  quite  smooth,  and  the  flat  wire  coils  are  kept  in  position 
and  driven  round  simplj  by  the  friction  due  to  the  binding 
wire.  The  coils  on  each  half  of  tlie  drum  are  joined  up  in 
a  series  of  eight,  and  the  two  series  are  joined  together  in 
parallel.  Hence,  each  coil  contributes  125  volts  to  the  electro- 
motive force,  which  is  at  the  rate  of  less  than  six  inches  of  wire 
to  the  volt.  The  wire  of  the  armature  coils  is  double  cotton- 
oovered  and  insulated  with  a  special  insulating  varnish.  The 
ends  of  the  coils  where  they  are  turned  over  the  flat  end  of 
the  drum  are  defended  by  bronze  shielding  plates.  The  whole 
armature  is  thirty  inches  in  diameter  over  all.  In  addition  to 
the  end  plates  another  disc  is  provided  at  one  end,  with  radial 
strips  which  act  as  a  centrifugal  fan  and  draw  air  through  the 
apertures  in  the  core  to  assist  in  keeping  it  cooL 

The  armatures  of  all  the  machines  being  exact  facsimiles 
are  interchangeable.  By  means  of  an  overhead  traveller,  which 
runs  the  whole  length  of  the  dynamo-room,  it  is  a  matter  of 
a  few  moments  to  lift  off  the  top  half  of  the  field-magnet  of 
any  dynamo,  lift  its  armature  out  of  its  bearings,  and  replace 
it  by  another.  This  construction  of  annature  is  both  simple  to 
repair,  and  admits  of  veiy  high  insulation  being  attained  in 
practice.  The  ring-shaped  field-magnet  frames  cany  sixteen 
magnet  poles  projecting  inwards.  These  poles  are  solid  cast 
iron,  and  are  27in.  long,  2*5in.  wide,  and  Sin.  long.  On  to  these 
poles  are  slipped  the  shells  or  frames  carrying  the  field-magnet 
ooils.    These  poles  are  alternately  N.  and  S. 

The  field  magnets  are  excited  by  continuous  current  from 
three  shunt-woimd  exciters.  Each  of  these  exciters,  which  is 
driven  by  its  own  engine,  can  furnish  a  continuous  current  of 
SOO  amperes  at  an  E.M.F.  of  100  volts ;  and  as  each  alternator 
only  requires  27 — 28  amperes  to  excite  it  at  full  load,  it  is  seen 
that  one  exciter  can  feed  the  whole  battery  of  ten  alternators. 
The  exciters  are  ordinary  horizontal  double-magnet  shunt- wound 
continuous-current  machines.  They  have  pulleys  with  paper 
driving  surface,  and  are  the  usual  form  of  Westinghouse  exciters. 

The  arrangements  in  the  djmamo-room  for  effecting  all  the 
necessary  interconnections  and   changes    between    dynamos, 
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exciters  and  feeders,  have  been  elaborated  with  great  care,  and 
the  methods  in  use  at  Sardinia-street  are  the  outcome  and  final 
result  of  an  immense  and  expensive  experience  in  other  places. 
The  process  of  evolution  of  machineiy  is  always,  or  almost 
always,  from  the  complex  to  the  simple ;  the  process  of  discard- 
ing or  shedding  off  unnecessary  organs,  and  reducing  the  parts 
to  the  fewest  possible,  is  one  in  which  advance  shows  itself. 

On  entering  the  dynamo-room  of  the  Sardiniarstreet  Station^ 
we  are  struck  at  once  by  the  immense  and  handsomely 
finished  switchboard.  It  occupies  a  great  part  of  the  length 
of  one  side  of  the  dynamo-room,  and  is  about  54  feet  long, 
and  11  feet  in  height.  It  stands  away  from  the  wall  by  about 
a  couple  of  feet,  allowing  sufficient  room  for  workmen  to  pass 
behind  it,  and  to  make  or  renew  all  the  multitudinous  connec- 
tions which  are  made  by  highly  insulated  cable  behind  this 
board.  The  front  of  the  switchboard  is  divided  into  twenty 
panels,  the  base  of  each  panel  being  of  enamelled  slate  framed  in 
polished  wood.  From  the  dynamo-room  proceed  twenty  feeders, 
or  primary  mains,  and  as  there  are  ten  alternators  and  three 
exciters,  the  combinations  which  have  to  be  effected  are  as 
follows : — (1)  Any  group  of  alternators  must  be  capable  of 
being  excited  by  any  exciter.  (2)  Any  one  or  group  of  feeders 
must  be  capable  of  being  worked  off  any  alternator  or  group  of 
alternators.  (3)  Any  ^iven  alternator  must  be  capable  of 
being  made  the  "  stand-by,"  or  reserve  machine,  to  any  working 
dynamo  or  group  of  dynamos ;  and,  lastly,  any  group  of  alter- 
nators must  be  capable  of  being  worked  in  parallel  together 
on  any  primary  nlain  or  mains.  (4)  All  these  changes  have  to 
be  made  instantly,  certainly,  and  without  confusion,  by  one 
person. 

We  shall  best  explain  the  principle  on  which  this  is  done  by 
giving  a  diagram  and  description  of  a  smaM  portion  of  one- 
half  of  a  single  panel  of  the  switchboard.  We  shall  limit  our 
attention  to  a  combination,  first,  of  a  single  feeder  and  three 
alternators,  and  show  how  these  changes  are  effected.  Refer- 
ring to  Fig.  56,  let  1,  2,  3,  1',  2',  3',  be  the  leads  from  three 
alternators,  No.  1,  No.  2,  and  No.  3.  These  leads  are  termi- 
nated on  brass  plug  blocks,  a,  6,  e,  a\  •  h\  c\  fixed  on  the 
panel.  On  either  side  of  this  group  of  blocks  are  four  common 
bars,  A,  ^,  h\  ^,  and  plugs  can  be  inserted  in  the  holes  to 
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connect  a,  h,  c^  dto.,  with  g.  A,  &o.  The  primary  main 
F  F  terminatcB  on  the  centre  of  a  duplex  double-pole  switch 
between  the  bars.  When  this  switch  is  thrown  up  it  cmmects 
F  F  with  bars  g  and  /.  When  it  is  thrown  down  it  connects 
F  and  F'  with  bars  h  and  A'.  The  handle  of  this  switch  has 
three  positions  in  which  it  wiU  stand  firm :  lst»  one  in  which 
F  and  F  are  both  disconnected  from  G  and  G',  and  also  froni 
H  and  H' ;  2nd,  an  upper  position,  or  one  in  which  Fand  F 
are  connected  to  G  and  G' ;  and  3rd,  a  lower  position,  or  one 
in  which  F  and  F'  are  connected  to  H  and  H'. 


Primary  Main 


G      G' 

HI  W 


n  \h 

H      H 


Fio.  56. 


This  being  understood  let  us  suppose  that  plugs  are  inserted 
in  the  four  holes  marked  with  a  shaded  circle,  and  let  the  centre 
switch  be  in  the  upper  position.  Then  alternator  1  is  con- 
nected with  the  primary  main  F,  F,  and  may  be  considered  to 
be  working  on  it.  Let  alternator  No.  3  be  kept  turning  slowly 
round,  and  let  us  suppose  something  goes  wrong  with  No.  1 
machine.  The  engineer  simply  caUs  down  for  the  alternator 
No.  3  to  be  run  up  to  full  speed,  which  can  be  done  in  a  few 
seconds.  He  then  snaps  over  the  centre  switch  from  top  to 
bottom  position,  and  the  instant  result  is  that  the  main  line  is 
changed  over  from  machine  No.  1  to  machine  No.  3.  Let  us 
also  imagine  that  it  is  required  to  run  alternators  No.  1  and 
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No.  2  in  panllel,  and  to  have  Ko.  3  &s  a  reserve.  This  can  be 
effected  by  putting  plugs  in  the  holes  joining  blocks  b  and  b 
to  bars  g  and  ^,  in  addition  to  those  already  in. 

This  being  olear,  all  that  remains  to  be  said  is  that  at 
Sardinia-s&reet  each  semi-panel  of  the  switch  board  contains 
two  such  rows  of  ten  blocks,  like  a,  b,  e,  im.,  and  four  ban  like 
$,  h,^,  h',  and  a  centre  switch,  as  shown  in  Fig.  57. 

Each  complete  panel  is  the  doable  of  this,  and  supplies  a  pMr 
of  primary  mains,  making  the  two  to  each  dynamo,  and  the  ten 
double  panels  correspond  to  the  twenty  niains.    On  looking  at 


the  board  when  the  dynamos  are  working  we  see  a  set  of 
plogB  plugged-in  to  join  the  dynamo  blocks  a,  b,  c,  &c.,  to  the 
omnibus-bars  g  ^,  Ao.,  and  we  see  a  plug  in  the  correapondii^ 
holes  of  all  the  panels,  which  is  the  plug  belonging  to  a  spare 
machine.  We  can  thus  hare  the  feeders  grouped  in  any  way 
on  the  working  dynamos,  and  we  can  have  a  spare  machine 
which,  as  it  were,  waits  on  all  of  them,  and  is  ready  instantly  to 
take  the  plaoe  of  any  working  machine  that  gives  out.  Thus 
we  may  suppose  five  feeders — 1,  2,  3,  4,  and  6 — are  wortjng 
off  dynamos  No.  3,  7,  and  9,  grouped  as   follows :— Na  3 


DBSTRIBUnON  OF  ELECTRICAL  ENERGY  BY  TBAKSF0RUER8.    20& 

works  feeders  1  and  2,  No.  7  works  feeders  3  and  4,  and 
No.  9  works  feeder  5.  Also  let  dynamo  No.  5  be  a  reserve 
maohine  turning  slowly  round.  If  No.  3  dynamo  were  to  be 
found  to  be  getting  hot  bearings,  No.  5  reserve  would  be 
started  up,  and  switches  of  panels  No.  1  and  No.  2  thrown 
over.  The  reserve  maohine  could  then  step  into  the  shoes  of 
No.  3.  Or,  if  No.  3  machine  were  to  be  found  to  be  overloaded, 
one  of  its  feeders,  say  No.  1,  could  be  thrown  over  on  to  a 
reserve  machine.  It  will  thus  be  seen  that  the  possible  com* 
binations  are  endless,  and  that  the  engineer  need  never  be  in 
a  *' tight  place"  by  reason  of  not  being  able  to  re^just 
the  load,  or  to  relieve  a  particular  machine  unequal  to  its 
work. 

We  have  next  to  describe  how  the  exciters  are  coupled  in» 
This  is  rendered  plain  by  a  diagram  of  connections  engraved 


FiQ.  58. 


Fio.  59. 


on  a  brass  plate  and  fixed  to  the  switchboard.    This  diagram 
is  giVto  in  Fig.  58.     The  connections  are  shown  in  Fig.  59. 

Let  three  pairs  of  mains  be  arranged  between  three  double 
pole  switches,  X,  Y,  and  Z.  When  all  these  switches  are  closed 
it  forms  a  closed  circuit.  Between  these  mains  are  joined  in 
parallel  all  the  armatures  of  the  three  exciters  A,  B^  and  G,  and 
all  the  fields  of  the  ten  alternators,  each,  however,  being  capable 
of  being  cut  out  by  its  own  private  double  pole  switch.  It 
wiU  then  be  seen  that  by  suitably  closing  the  private  switches 
(marked  by  a  small  cross  in  the  diagram),  and  by  manipulating 
the  switches  X,  T,  or  Z,  the  exciters  can  be  used  to  excite 
any  group  or  groups  of  the  alternators  in  a  very  varied 
manner.    The  five  centre  panels  of  the  switchboard  are  devoted 
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to  these  exciter  switchesy  aad  the  centre  panel  of  all  has  on  it 
the  switches  X,  T,  and  Z.  If,  therefore,  anything  goes  wrong 
in  the  djnamo-room,  the  engineer  in  charge  flies  to  the  centre 
panel  of  the  board.  From  this  spot  he  can  see  the  whole 
dynamo-roomf  and  every  dynamo  has  its  number  painted  con- 
spicuoosly  upon  it.  Hence  he  can  see  at  once  what  to  do  to 
take  that  machine  out  of  circuit. 

Over  each  panel  of  the  board  and  in  connection  with  each 
primary  main  is  an  amperemeter,  a  voltmeter  and  the  volt- 
meter compensator.  This  last  device  which  enables  the  volt- 
meter in  the  station  to  read  the  volts  at  the  far  end  of  the 
primary  main  Jias  already  been  fully  described. 

There  is  also  a  standard  station  voltmeter,  by  which  all  the 
others  are  adjusted.  Underneath  the  panel  there  are  the 
variable  resistances  to  be  inserted  in  the  field  circuit  of  each 
alternator  as  required,  and  the  resistances  to  be  inserted  in  the 
field  circuit  of  the  exciters  for  regulating  the  exciting  current. 
By  these  resistances  the  exciting  field  of  any  alternator  can  be 
controlled  independently  of  all  the  rest,  and  the  volts  at  the 
far  end  of  its  associated  mains  kept  to  the  standard  voltage. 
Also  by  the  resistances  in  the  fields  of  the  exciters  the  electro- 
motive force  of  any  simultaneously  excited  group  of  alternators 
can  be  raised  or  lowered  as  required.  It  wiU  thus  be  seen  that 
a  vast  amount  of  thought  and  skill  has  been  brought  to  bear  on 
the  design  of  these  arrangements  with  the  object  of  reducing 
to  a  minimum  the  labour  required. 

The  distributing  system  of  mains  in  connection  with 
Sardinia-street  is  an  underground  system.  Highly  insulated 
leads,  covered  with  vulcanized  indiarubber,  are  drawn  through 
iron  pipes  laid  under  the  footways  or  roadways. 

Hie  underground  conductor  system  employed  consists  of 
iron  conduits  into  which  are  dniwn  highly  insulated  mains, 
mostly  Silvertown  electric  light  cable  (Class  L),  the  size  chiefly 
in  use  being  ^  The  pipes  are  of  iron,  cast  vertical  and  in 
nine  foot  lengths.  These  iron  conduits  are  laid  under  the  foot- 
ways and  split  T  pipes  are  inserted  for  the  customers'  **  take 
off"  but  no  junction  or  jointing  boxes  are  used.  The  general' 
system  of  main  laying  is  to  lay  the  mains  in  <<  rings," 
drawing  in  the  cable  in  short  engtha,  and  taking  both  ends  of 
each  such  length  into  the  consumers'  premises.    The  diagram 
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in  fig.  60  win  make  oleax  the  arrangement  followed.  TtuB 
amngement  in  "rings"  ensures  that  each  costomer  gela 
hia  auppi;  in  duplicate,  and  the  **  ring  "  can  be  out  anyvhere 
without  interfering  with  the  ocntinuit^  of  the  supply  of  any 
consumer ;  and  any  section  can  be  out  out  and  tested  or 
replaced  at  any  time.  As  the  present  price  of  coal  necessi- 
tates working  at  a  current  density  of  about  600  amperes  per 
square  inob,  it  is  dear  that  even  if  the  "  ring "  is  out  any- 
where the  cable  will  not  become  overloaded,  ^h  of  the  seo- 
tions  or  lengths  from  customer  to  customer  is  without  joint, 
and  no  making  of  T  joints  (always  a  difficult  matter)  is  required. 


Tia.  60. — The  MotropoUUn  Compsny'a  Syitem  of  Kng  Hwns. 

If  a  bouse  at  B  (Fig.  60)  requires  a  supply  the  main  from  C  to 
D  can  be  disocmnected  horn  tiie  out-oats  even  with  the  current 
on,  and  one  or  both  the  halves  of  that  seotioa  of  the  cable 
drawn  out  of  the  conduit  and  replaced  by  new  lengths,  the  old 
lengths  being  returned  to  stores  and  used  for  other  similar 
wwk ;  or  one  of  the  lengths  may  be  drawn  througb  with  a  new 
■faort  length  of  the  proper  dimen»on  attached  to  the  end.  It 
only  remains  to  add  that  Wtetrnghouae  transformers  are  used, 
although  not  exoluuvely,  in  oonnectioD  with  these  muns,  and 
that  the  tiansf  ormers  are  placed  in  costomen'  premises  and 
distributed  over  the  network  of  primaiy  mains. 
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§  17.  WwUnghonMAItemato-Onimit  Arc-Llght&TStem. — 
In  addition  to  the  above  •  described  transformer  sTstems  of 
ligfatiug  by  inoaadeBceot  Imnps,  the '  Weatingliouse  Oompatiy 
have  deugned  a  system  of  series-aro-lighting  by  altematisg 


This  system  consists  in  operating  a  oonstant-ouirent  alter- 
nator OQ  a   main  oiiouit  which  passes  through  oonverters 


na  61.— WMtingbouw  CoDaUnt-CuTiwt  Altcnwtor  for  Are  Lifting; 

suitable  for  the  number  of  lamps  to  be  operated  at  any  wie 
pdut.  The  sy8t«m  has  been  worked  out  in  a  very  complete 
maaner,  both  as  regards  the  dynamo,  the  lamps,  and  aocas- 
■oiies. 

The   dynamo   very    closely   reeembles   the   Westinghouse 
alternating  inoandeacent  machine  (w«  Fig.  61),  but  its  distin- 
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goishiiig  f«ature  ia  to  be  found  in  the  ■  oiutructioa  ot  the 


The  Geld  magseta,  like  that  of  the  mcandesoent  light 
maofaine,  are  oompoBed  of  a  Beries  of  aolid  iron  radial  pole- 
pieces  having  alternating  polarity,  projecting  inwards  from  a 
ring  frame.  On  these  cores  are  a  series  of  bobbins,  each 
independent  of  all  the  others,  vhtch  are  wound  on  Bhells 
and  con  be  readily  replaoed  if  injured.  Tha  field  may  be 
ctiarged  from  a  separate  exciter,  in  large  stations^  whereTer  a 
separate  exciter  is  constantly  running,  or  the  machine  can  ba 
constructed  so  as  to  bs  self-exciting. 

The  magnet  feuno  parts  along  a  horizontal  plane  through 
the  shafts  and  so  admits  of  the  upper  half  of  the  dynamo 
belDg  readily  removed  fox  the  replacement  of  an  armature  or 
field  (xdL 


The  dynamo  ia  reverBible  on  its  base,  and  can  run  in  either 
direction;  henoe  it  is  adapted  to  all  situations.  It  stands 
upon  a  fixed  base,  upon  the  ways  of  which  it  can  be  shifted  by 
means  of  a  belt-tightening  screw. 

Five  sites  of  arc-light  dynamos  are  manufactured,  having 

the   following  oapaoity,  rated  in  lamps  of    so-called    2,000 

ncnninal  oandle-pbwer  each : 

Na  0(^     26  U^ls,     ...     Floor  SpMW,   65gin.       x  43|in. 

„     0,     40     „  ...        „        „       esin.         X  es^in 

„      1,      60     „  „       6lt.8Jin.   x  TSJin- 

„      2,    126     „  ,        7ft  9in.     X  ySJin. 

„      3,    260     , „        9fL3in.     x  83in. 

The  principle  of  conversion  of  current  renders  it  possible  to 
build  ^^namoe  of  the  large  otqwoity  above  given  withoob 
introdumng  dangerously  high  potentials  in  the  line  wires. 
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The  armature  is  shown  in  penpectiTe  in  Fig.  63,  nnd  in  trans- 
vene  Mction  in  Fig.  63.  It  will  be  noted  th&t  in  this  case  the 
annatote  ooils  are  not,  as  in  tJie  incaodesoent  light  djnamo, 


Via.  63a. — Detkila  of  Armktunk 

^ V 

Flo.  64.— Tb*  WMtinghouM  Aic  light  AlMrnator.    Amatnn  CmL 

in  the  ihape  of  flat  coils  placed  on  t^e  peripherj,  but  oooaist 
1^  oblong  ooils  (Fig.   €4)  whidi   an  wound  separatalj  on 
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fonoon,  and  then  hy  means  of  a  olamping  tool  (Fig.  64a)  aie 
squeesed  into  position  aroimd  projeotions  on  the  ooree  of  the 
armature,  whloh  are  proTided  with  overlapping  iron  teeth. 
After  the  coils  have  been  placed  in  position  the  apaoea 
between  the  teeth  are  filled  out  with  wedges,  which  are  dove- 


Fra.  64a.— Clamping  TooL 

tiuled  and  slid  in.  from  the  side,  ao  that  no  further  fastening 
is  required  to  keep  the  coils  or  the  wedgee  themselves  in 
podtion.  The  peculiar  Pacinotti  constniotion  of  the  armature 
core  with  the  overlapping  teeth  has  the  effect  of  maintaining 
tlie  current  constant  at  all  loads,  so  that  there  is  no  regulating 
appaiatns  whatever  required  for  ttiat  purpose. 


Rg.  G&— Fcnn  of    Soft  Iron  Diik  und  In  buflding  up  Armature  <rf 
WMtiB(tioiiM  Alt«iiat«c  for  CcHutant  Cuirent 

Hie  armature  oore  ia  built  up  of  pUes  of  thin  wrought-iron 
sheets  stismped  out  to  a  shape  shown  in  Fig.  65,  having  teeth  so 
dengned,  and  of  such  lengtl^  that  they  slightly  overlap  the  dis> 
tanoe  between  two  consecutive  pole-pieoee,  so  that  one  tooth  la  not 
out  of  the  field  of  any  one  magnet  before  another  enters  that  field. 

The  body  or  core  thns  made  of  these  laminated  iron  plates 
pouched  out  of  the  sheet  metal,  when  clamped  together,  baa 
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thus  deep  undercut  ohannelfl  along  the  face  for  the  recep- 
tion of  the  armature  coils.  The  ribs  of  metal  which  separate 
the  channels  carry  the  armature  coils.  These  coils  are  inde- 
pendent and  detachable,  and  are  securelj  wedged  in  plaoe^ 
as  stated,  by  blocks  of  seasoned  wood  driven  into  the  space 
between  them,  and  held  in  place  by  locking  under  the 
projecting  shoulder  of  the  rib.  The  necessity  of  exterior 
insulation,  and  the  wrapping  of  the  armature  with  binding 
wire,  is  thus  entirely  ayoided.  The  absence  of  surface- 
winding  makes  it  possible  to  run  the  armature  much  closer  to 
the  field-poles  than  is  practicable  in  other  forms  of  construc- 
tion. As  is  well  known,  the  general  effect  of  decreasing  the 
clearance  between  armature  and  fields  within  certain  limits  is 
to  increase  the  efficiency  of  the  dynamo.  The  form  of  con- 
struction here  employed  makes  it  easy  to  take  full  advantage 
of  this  fact.  Brass  shells  cover  each  end  of  the  armaturCr 
protecting  the  ends  of  the  coils. 

At  the  side  of  the  dynamo  there  is  an  apparatus  consisting 
of  a  solenoid  with  a  single  core.  It  is  a  short-circuiting 
apparatus,  and  its  object  is  to  protect  the  machine  from  the 
results  of  a  break  in  the  line.  By  this  means  the  counter 
electromotive  force  generated  in  the  armature  is  such  as  to  cut 
down  the  heavy  current  to  the  normal  strength,  so  that  no 
dangerous  heating  of  the  armature  coils  can  take  place.  .The 
apparatus  is  so  constructed  that  an  excess  of  electromotive 
force  generated  in  the  armature,  such  as  would  be  caused  by  & 
break  in  the  line,  causes  a  spark  to  pass  between  two  points ; 
this  allows  sufficient  current  to  pass  to  energize  the  solenoidi 
which  pulls  up  its  core  and  makes  contact  between  two  points 
that  short-circuit  the  armature. 

There  is  still  another  safety  device  of  the  same  nature, 
which  consists  of  two  metal  points  placed  opposite  each  other 
on  the  armature  shaft  and  connected  respectively  to  the 
collector  rings.  Upon  the  current  exceeding  a  certun  value 
the  spark  formed  between  these  two  points  causes  a  short- 
circuiting  of  the  machine,  and  a  consequent  cutting  down  of 
the  current,  due  to  the  increased  self-induction. 

The  machines  now  built  and  in  course  of  construction  vary 
in  capacity  from  25  lights  to  240  lights.  The  speeds  of  these 
machines  are  considerably  lower  than  those  employed  in  tha 


DX8T|aBI7TION  OF  SLBOTBIGAL  ENKBGY  BT  TBAKSFORMEBS.   213 

Incandescent  system,  and  the  number  of  alternations  per 
•iMCond  is  also  far  below  that  of  the  former,  the  average 
number  approximating  7,500  alternations  per  minute,  as 
-compared  with  16,000  for  the  incandescent  machines.  The 
machines  Nos.  2  and  3  are  provided  with  two  sets  of  windings 
ix>nnected  to  two  pairs  of  collectors,  so  that  two  independent 
circuits  can  be  run  from  one  machine. 

Coming  now  to  the  apparatus  intermediary   oetween   the 
dynamo  and  the  lamps,  we  find  it  to  consist  of  converters 
■which  do  not^  of  course,  differ  in  principle  from  those  used  in 
•connection  with  the  incandescent  system  of  distribution ;  but 
for  this  particular  purpose  converters  of  a  peculiar  construction 
are  in  some  instances  desirable.     In  ordinary  incandescent 
-systems  the  primary  and  secondary  of    the  converter    are 
^usually  so  designed  that  the  ratio. of  reduction  of  potential 
between  them   is  comparatively   a  high    one,    usually   such 
as   20   to   1.       In  this   system,   however,  a   series   of  con- 
verters  of    various    capacities   are   designed,    in    which  the 
ratio  of  the  primary  to  the  secondary  is  as  I  to  1,  %nd  in 
others  as  1  to  3.     The  windings  in  the  1  to  I  converters  are 
evidently  identical  for  the  primary  and  secondary.     Though 
on  first  consideration  this  might  be  considered  a  curious  con- 
dition, the  reason  therefor  will  become  apparent  when  it  is 
considered  that  by  the  employment  of  such  converters  no 
;  greater  potential  is  admitted  to  a  building  in  which  there  is 
one  lamp,  for  instance,  than  is  required  for  thac  particular  lamp, 
and  leaving  the  same  perfectly  safe  to  be  handled,   as  the 
j)otential  required  for  each  lamp  does  not  exceed  50  volts. 

The  lamps  employed  in  connection  with  this  system  are  of 
two  general  types,  known  as  the  long  and  short  lamps,  and 
designed  respectively  for  outdoor  and  indoor  use.  The  distin- 
guishing feature  of  these  lamps  (see  Fig.  66)  consists  in  the 
fact  that  they  are  designed  to  bum  flat  carbons  whose  life 
approximates  to  40  hours  in  the  case  of  the  long  lamp,  and  to 
.a  somewhat  shorter  period  in  the  case  of  the  short  lamp. 
Thus,  in  the  long  lamps  two  carbons  are  employed,  the  dimen- 
sions of  which  are  9^in.  by  2in.  by  -^in.  In  the  short  lamp 
'  the  length  of  the  carbon  is  reduced  to  6in.  The  mechanism 
of  the  lamp  is  very  simple,  and  consists  in  a  rack  movement 
which  is  regulated  by  a  solenoid  in  the  main  circuity  and  by 
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uiother  of  higli  resiatanoo,  which  is  plaoed  in  shunt  to  tht 
arc.  Both  of  theBS  are  provided  with  ooraa  built  up  of  bundlea 
of  fine  wires,  so  as  to  avoid  heating,  and  to  inoroaae  their 
NnaitiTeneas. 


Fio.  66. — Wflitlnghoujg  Are  Lamp^ 

There  are  MTeral  acceaaory  derices  employed  with  tne 
system,  one  of  whioh  is  a  double  safety  out-out  (»ee  Fig.  67). 
Thia  conaiata  of  the  usual  stripe  of  fusible  metal,  but,  ia 
addition,  the  points  whioh  they  span  are  shunted  by  a  fine 
German-Bilrer  wire.  It  frequently  happens  that  upon  th» 
fusing  of  the  usual  safety  strip  an  are  forms  at  th«  l»ealc^ 
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which  is  apt  to  travel  backward  and  bnin  the  oontaots,  and 
thus  rain  the  entire  device  before  the  arc  is  broken.  By 
employing  the  German-stlTer  shnnt  around  then  pointe  the 
fusing  of  the  fusible  strip  immediateljr  sends  the  current 
through  the  shunt,  which  at  once  fusee,  breaking  into  Hmall 
[deoee  and  forming  directly  a  break  of  six  inches  between  ita 
terminals — a  distance  which  the  arc  is  incapable  of  following. 

A  series  of  tests  have  been  made  on  this  aystem,  ihowinif 
its  effioiency  under  various  conditions;  and  for  that  purpose 
we  give  above  a  table  showing  the  results  of  a  test  carried  out 
at  the  works  of  the  Westinghouse  Electric  Company  in  Fitts- 
bnrgh.  These  tests  were  made  on  a  Ho.  2  SO-ampere  machine. 
Operating  120  lights.     The  engine  was  of  the  Westinghoue 


Fro.  67.— WMtinghouM  "  Cut-Out "  with  Fum  Churl 

aingle-aoting  two-cylinder  type,  the  diameter  of  the  cylinder 
being  14Jiii.  and  the  length  of  stroke  30iu.  The  curves 
shown  in  Fig.  68  represent  graphically  the  results  given  in  the 
table.  From  these  it  will  be  seen  that  the  machine  at  very 
light  load  has  a  comparatively  low  efBciency;  but  beginning 
with  forty  lamps  up  to  the  foil  capacity  the  efficiency  rapidly 
increases  until  at  full  load  it  approximates  87  per  cent,  and 
then  the  energy  per  lamp  required  is  '75  horse-power. 

In  further  explanation  of  the  action  of  this  aro-Iight  dynamo^ 
we  may  add  that  the  regulation  for  constant  current  depends 
primarily  upon  the  fact  that  the  armature  is  wound  with  a 
sufBcient  number  of  turns  to  produce  in  it  a  high  self-induction, 
and  consequently  a  lag  in  the  current  approaching  90  deg. 
when  ahort-<^rcuited.      Acootding  to  a  well-known  law,  the 
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outrent  lag,  as  related  to  the  imptenod  eleotromotive  foroc^  is 
reduced  by  the  introduction  of  reaistanoe  into  the  oirouH,  tad 
approaches  coincidence  with  the  phase  of  eledTomotive  foroe 
as  its  limit.  The  magnetisation  of  the  field  is  so  related  to 
that  of  the  armature  that  when  an  armature  pole  is  opposite 
to  a  field  pole,  and  the  magnetising  effects  are  in  oontraiy 
direotiouB,  the  resultant  magnetisation  is  reduced  to  a  -nty 
small  amount.  These  two  elements  oombine  to  produce  an 
effective  rate  of  cutting  of  lines  of  foroe  approzimstely  proper 
tional  to  the  external  resistance  in  the  following  wa; : — Wheo 
the  armature  rotates  with  a  high  resistance  in  circuit  the  lag  is 


small,  and  the  maximum  current  flaws  in  approximate  coind- 
denoe  with  the  maximum  of  electi^motiTe  force — that  is,  when 
an  armature  pole  is  an  intermediate  position  between  two  field 
poles.  The  direction  of  current  is  opposite  to  that  in  the  field 
coils  of  the  pole  it  is  approaching.  In  other  words,  the  maxi- 
mum point  in  the  current  phase  ocouis  about  90  deg.  in 
sdranoe  of  tbe  coincidence  of  two  poles  of  similar  polarity.  A 
reduction  of  resistance  in  the  work  circuit  causes  a  lag  in  tiie 
onrrent  phase,  so  that  the  maximum  point  is  reached  at  an 
instant  in  time  more  nearly  coincident  with  the  opposition  of 
similar  poles  j  uid  when  the  armature  coils  are  short-drouited 
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snd  the  lag  reaches  its  inMimnm,  the  magnebiaation  of  the 
armature-pole  oocun  approximately  at  the  time  of  its  passage 
tmder  a  field-pole  of  opposite  polarity.  Sinoe  the  windings  of 
the  field  and  armature  are  such  as  to  set  up  approximataly 
equal  magnetic  potentials  in  opposite  directions,  the  rate  of 
cutting  of  lioes  of  fcsoe  is  now  reduced  to  a  twinimnm  value 
anfficient  to  cause  the  flow  of  a  normal  current  through  the 
coils.  The  current  oharaoteristio  curve  of  the  machine  oan 
be  made  to  approach  as  nearly  to  a  straight  Una  as  oan  the 
eleotromotive  foroe  oharacteristio  .of  a  oouatant  potential 
dynamo  with  varying  current. 

The  objects  which  the  Weatinghonae  Company  had  in  view 
in  this  system  were — fint,  to  enable  them  to  build  larger 
machinee  for  arc  lighting  (and  thus  increase  the  size  of  the 
plant  unit)  without  unduly  increasing  the  potential  of  the 
«nrrent ;  and,  secondly,  to  enable  them  to  insulate  the  lamps 


Fio.  69,— lO-Ampera  Circuit. 

themselvea  from  the  high-tension  nuuns.  It  is  evident  that  a 
constant-ourrent  system  must  necessarily  be  a  series  system, 
if  there  is  to  be  any  variation  in  the  load ;  and  the  present 
system  is  one  in  which  tiie  converters  are  connected  in  series 
with  the  line.  Constant  oorrent  in  the  primary  of  a  convertar 
means  that  if  the  windings  are  as  1  to  1  the  current  in  the 
secondary  is  absolutely  limited  to  a  value  a  little  below  that 
of  the  primary  current;  or,  if  the  windings  are  as  1  to  3,  for 
instance,  then  the  current  in  the  secondary  is  limited  to 
slightly  less  than  one-third  the  primary  current.  This  limita- 
tion of  the  strength  of  current,  combined,  as  it  necessarily  is, 
with  a  very  rapid  rise  of  volts  in  the  secondary  if  the  current! 
falls  in  consequence  of  on  increase  of  resistance  in  the  secondary 
circuit,  is  precisely  what  is  wanted  to  ensure  stability  and  conse- 
quent absence  of  flickering  in  arc  lighting;  resistance  coils  such 
as  are  required  in  all  cases  when  arc  lamps  are  run  on  constant 
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potential  drouits  being,  of  course,  dispensed  with.  The  STstem 
is  intended  more  eBpeciaJl;  for  street  lighting ;  but  in  America 
private  usera  are  also  largel;  supplied  b;  it.  When  the 
number  of  lamps  required  on  a  single  circuit  does  not  exceed 
SO,  a  current  of  10  amperes  is  employed,  in  which  case  the 
conTert«rs  can  be  diap^ised  with  altogether  in  tiie  oase  of 
Btnet  lamps,  if  no  objection  is  made  to  their  being  in  connec- 
tion with  the  high-tension  nuuns.  In  towns  and  cities  where 
this  system  has  been  adopted,  private  users  have  also  been 
allowed  to  have  lampe  supplied  direct  without  the  use  of  con- 
verteTS,  if  they  wish  to  avoid  the  ooet  of  the  converter,  and 
accept  the  risk  as  regards  the  high  tension. 

Fig.  69  is  a  diagram  of  a  10«mpere  circuit.  AAA  represent 
private  consumers'  lamps  supplied  with  the  use  of  converters. 
B  B  represent  private  consumeiB  who  accept  the  risk  of  the 


Fia.  70. — S&Ampare  Circuit. 

high-tension  mains  ooming  into  their  premises.  C  C  represent 
street  lamps  with  converters,  and  D  D  street  lampe  connected 
directly  in  series  with  high-tension  mains.  The  larger  machines 
at  preeent  constructed  have  oapacittes  of  120  and  240  lights 
respectively,  and  employ  a  current  of  30  amperes,  the  larger  of 
the  two  maohinee  having  two  independent  circuits.  This  current 
la  much  too  lai^e  for  street  lamps,  bo  that  the  facility  of  con- 
necting lampe  directly  in  series  with  the  mains  is  practically 
lost  in  the  case  of  the  larger  machines. 

Fig.  70  is  a  dii^ram  of.  a  30-ampere  circuit  A  represents  two 
lights,  B  one  light,  and  C  three  lights,  run  from  converters  for 
private  conaumeis.  E  £  represent  street  lamps  also  nm  from 
oonvertera. 

The  exciting  magnets,  and  also  the  external  appeanmoe  of 
these  constant-current  machines,  are  very  similar  to  those 
of  the  Westinghouse  constant  potential  ^temators,  tlie  dif- 
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farence  being,  as  we  have  seen,  entirely  in  the  oouBtruc- 
tion  of  the  armature,  which  is  provided  with  large  orerlappiog 
teeth,  slightly  wider  than  the  gaps  between  the  field  poles, 
BO  that  the  edge  of  one  tooth  oomes  under  a  magnet  pde 
jnat  before  another  has  entirely  left.  The  teeth  are  equal 
in  number  to  the  field  poles,  and  each  tooth  carries  a  con- 
stituent ooil  of  the  armature  winding.  No  regulating  appa- 
latuB  whateTOT  is  employed  to  keep  tiie  current  constant,  the 
machine  being  bo  designed  that  the  magnetic  flux  through  the- 
armature,  and  consequently  the  &.H.F.  generated  is  practically 
proportional  to  the  impedanoe  of  tho  circuit.  Although  the 
action  of  the  machine  has  been  referred  to  above,  the  following 
description,  with  the  aid  of  the  sketches  Figs.  71,  72,  and 
73,  may  give  a  further  clearer   insight   into   the  way  in 


which  self-regulation  is  eecured.  The  proportion  of  the 
winding  of  the  armature  to  that  of  the  field  coils  is  such  that 
at  the  moment  of  maximum  current  the  ampere  turns  of  the 
armature  coils  are  approximately  equal  to  tiioee  of  the  field 
ooils,  and  consequently  if  the  armature  ouirent  reaches  ita 
maximum  at  a  moment  when  the  teeth  approach  coincidence 
with  the  poles,  the  magnetic  flux  will  be  very  small,  and  the 
EJLF.  generated  only  just  sufficient  to  send  a  harmless  current 
through  the  armature  when  short^ircuited.  In  Fig.  71  th« 
armature  teeth  are  shown  in  the  powtion  midway  between  th« 
field  poles,  and,  as  is  obvious,  the  induced  KM.F.  mil  be 
at  a  maximum  in  this  portion.  If  no  current  is  allowed  to- 
flow,  the  field  coils  produce  a  large  magnetic  £uz,  and  a  high 
E.M.F.  is  generated,  which  in  the  machines  as  constructed  may 
reach  10,000  volts  or  so.     It  is  therefore  advisable  for  aafety 
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to  short-circoit  the  umature  when  running  without  load,  aad 
an  antomatio  arrangement,  as  above  meationed,  ia  providad 
on  each  machine  to  efiisot  this,  li,  now,  the  armatun 
circuit  is  closed  with  a  moderate  resiatonoe  in  circuit  the 
lagging  of  the  current  behind  the  impressed  E.M.F.  oausea 
the  armature  teeth  to  have  made  tui  approach  towards 
coinoideuoe  with  the  magnet  poles  (sm  Fig.  72)  at  the 
time  when  the  current  in  the  armature  coils  has  reached 
its  roaTimnm  Talue.  This  approach  towards  coinddeiiee 
considerably  inoressee  the  self-induction  of  the  armature 
by  improving  the  magnetic  circuit,  which  has  the  effect  of 
making  the  tag  much  greater  than  it  would  have  been  had  the 
self-induction  of  the  armature  remained  oonatant ;  so  that  by 
a  cumulative  prooess  the  lag  due  to  an  increase  of  current  in 


Fio.72. 

the  armature  winding  is  considerably  magnified.  The  approach 
towards  coincidence  between  the  armature  teeth  and  the 
magnet  coils  at  the  moment  of  maximum  current  also  has  the 
effect  of  directly  cutting  down  the  E.M.F.  by  bringing  the 
mt^netiung  force  of  the  armature  winding  into  more  direct 
opposition  with  that  of  the  field  coils,  and  thus  reduoii^  the 
magnetic  flux  through  the  armature,  until  when  coincidence  is 
practically  reached  (we  Fig.  73)~bs  it  is  when  the  armature  is 
■hort-circuited— the  armature  and  field  windings  oppose  eaoh 
other  on  very  nearly  equal  terms,  and  the  magnetic  flux  is 
only  BufGoient  to  oauae  a  slightly  increased  current  in  the 
armature. 

In  the  machines  as  constructed,  if  the  resistance  inserted  coo- 
siste  of  a  load  of  converters  in  series,  with  aro  lamps  in  their 
secondaries,  the  lag  due  to  the  current  flowing  m  the  armature 
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will  be  sach  tliat  the  magnetic  flax  due  to  the  resultant  of  the- 
nwgnetisiDg  f<voeB  of  the  field  and  annature  coils  will  be  of 
the  value  neceeaarj  to  produce  the  normal  volts  for  that  par- 
ticular load ;  and  the  Westinghouse  Company  claim  to  have 
auoceeded  in  taming  out  machines  ao  sensitive  that  a  praoti- 
oally  negligible  variation  in  the  current  oauBee  a  variation  of 
E,M.F.  in  the  external  circuit  from  nO  when  the  armature  is 
ehort-oiicaited  up  to  2,000  or  3,000  voltA  vhen  loaded  up  with 
omverterB  and  arc  lamps.  It  is  stated  that  the  full  load  oao 
be  suddenly  thrown  on  or  off  without  doing  any  damage  to  the 
machine,  the  current  remaining  practically  steady  during  either 
operation.  The  240-light  machines,  as  has  already  been  statedr 
sre  double  circuit  machines,  and  are  generally  employed  in  larg« 
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towns  and  cities  for  street  lighting,  where  there  is  not  mucb 
variation  in  the  load,  when  it  is  found  that  the  interferenoe 
between  the  two  circuits  is  not  noticeable.  It  is,  of  course, 
impossible  that  the  two  cirouita  should  regulate  independently. 
The  transformer  employed  is  a  closed  circuit  one.  Lamps 
are  extingmshed  by  shortKjircuiting  the  uecndary  coil,  a  pro- 
oeeding  which  causes  very  little  waste  of  energy,  owing  to  the 
low  value  reached  by  the  induction  in  the  iron  and  the  small 
reeistanoe  of  the  copper  circuit.  The  results  of  the  seoondaty 
being  on  open  circuit  would  be  to  cause  heating  of  the  oore, 
doe  to  the  high  value  reached  by  the  induction,  and  to  ohoke 
the  primary.  To  ioBure  perfect  insulation  between  the  primary 
and  secondary  coils,  they  are  wound  on  separate  bobbins,  with 
a  considerable  space  between  the  two.      The  slight  loss  of 
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efficiency  resulting  from  this  arrangement  is  said  to  be  of 
relatiyely  small  importance  in  a  series  arc  system.  The  space 
between  the  coils  and  the  cover  is  filled  up  with  wood  blocks 
and  insulating  compound,  the  object  of  the  latter  being  to  keep 
out  damp. 

With  regard  to  the  arc  lamp,  the  only  point  which  has  not 
been  already  described  is  the  addition  of  a  small  reflector 
around  the  upper  carbon  to  throw  the  rays  firom  the  lower 
oarbon  crater  in  a  useful  direction. 

§  18.  The  Lowrie-Hall  System.-— Tho  various  elements  in 
the  transformer  system  of  the  House-to-House  Electaio  Light 
Supply  Company  have  been  brought  to  their  present  perfection' 
by  the  inventive  skill  of  Mr.  W:  Lowrie  and  Mr.  C.  J.  Hall. 
The  alternator  built  by  Messrs.  Elwell-Parker,  of  Wolverhamp- 
ton, is  of  a  somewhat  similar  type  to  the  alternator  of  Messrs. 
Zipemowsky,  D6ri,  and  BUthy,  employed  in  the  Ganz  system, 
in  this  machine  the  stationary  portion  is  the  armature  in  which 
the  current  is  generated,  and  the  revolving  portion  constitutes 
the  field  magnets.  Fig.  74  shows  the  general  external  appearance 
of  the  100-imit  size  machine,  having  a  safe  out-put  of  100,000 
watts,  or  130  horse-power.  The  circular  iron  frame  is  com- 
posed of  thin  sheets  of  charcoal  iron,  ring-shaped,  insulated  from 
€ach  other  by  paper,  and  bolted  together.  This  armature  ring 
is  parted  on  the  central  horizontal  line  so  that  the  upper  part  can 
be  lifted  off  to  insert  or  remove  the  field  magnets.  This  ring- 
frame  is  carried  on  the  cast-iron  frame  work  of  the  machine, 
but  is  insulated  from  it.  On  the  inner  cylindrical  surface  of 
this  ringrshaped  iron  core  are  fixed  the  armature  coils.  These 
4X)ils  are  formed  of  copper  tape,  each  wound  on  a  former  so  as 
to  form  a  coil  of  flat  or  link  shape,  and  yet  slightly  curved  so  as 
to  fit  closely  to  the  inner  surface  of  the  armatiue  oore.  The 
^dges  of  the  tape  winding  are  thus  exposed.  The  centre  of  the 
flat  coil  is  occupied  by  a  piece  of  insulating  material  These 
flat  coils  are  placed  dose  together  upon  the  cylindrical  inner 
«urface  of  the  divided  iron  armature  ring  so  that  the  axis  of 
each  coil  is  radial  to  the  ring,  and  the  coils  are  secured  in  their 
places  by  strips  of  wood  screwed  to  the  cheeks  and  extended 
over  the  ends  of  the  ooils  outside  the  line  of  travel  of  the 
magnets. 
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These  armature  ooils  are  then  joined  up  in  series,  and  the 
terminal  wires  brought  to  insulated  terminals  on  a  sheet  of 
ebonite  contained  in  ft  lock-up  box.    There  are  twentj-eight 


armatnie  coils  thus  joined  in  Beries,  each  cml  prodwnng  abont 
70  Tolta,  or  2,000  in  all. 

The  annatare  coils  oan  be  eaul;  individually  removed  fer 
examioatioo  or  for  repair.  The  field  magnet  or  revolTiog  portioD 


324  DISTRIBUTION  OF  XLECTBICAL  BKSBGT  BT  TRANSFORMERS. 

of  the  machine  conaiBts  of  a  solid  soft  wrought-iron  ring,  ^th 
wtought-iron  radial  pole  pieces  securely  attached  thereto;  and 
these  pole  pieces  are  of  solid  wrought  iron. 

The  exciting  coils  are  wound  on  shells,  which  are  slipped  on  to 
these  pole  pieces,  and  secured  by  bolts  from  being  displaced  by 
centrifugal  action.  There  are  twenty-eight  such  radial  mag- 
netic poles,  alternately  N.  and  S.  polarity. 

The  coils  of  the  field  magnets  are  joined  up  in  series,  and  the 
terminal  wires  are  brought  to  two  insulated  gun-metal  rings  on 
the  steel  shaft  of  the  dynamo. 

The  current  density  in  both  armature  coils  and  field  magnet 
coils  is  not  allowed  to  exceed  2,000  amperes  per  square  inch  of 
section. 

The  base  plate  of  the  dynamo  is  of  strong  box  pattern,  ribbed 
and  flanged.  The  frame  for  supporting  the  laminated  iron 
armature  core  is  cast  separate,  and  securely  bolted  to  planed 
facings.  The  plummer  blocks  for  the  bearings  are  cast  separate 
from  the  base  plate,  and  secured  thereto  by  bolts  and  lugs  and 
wrought  iron  wedge  keys.  The  bearings  of  the  magnet  shaft  are 
each  20izL  long  and  fitted  with  brasses  of  phosphor  bronze.  The 
bottom  brass  is  so  arranged  that  it  can  be  ramoved  withoutlifting 
the  shaft  and  yet  well  secured  sideways.  The  bearings  are  pro- 
vided at  each  end  with  oil  catchers,  by  which  used  oil  is  caught 
and  drained  away  to  a  tank  in  the  base  plate,  from  which  it  can 
be  drawn  off  and  filtered  for  re-use.  The  steel  shaft  carried  by 
these  bearings  is  6in.  in  diameter.  It  carries  a  cast  iron  hub  to 
which  is  secured  the  wrought  iron  ring  with  the  magnet  poles. 
The  shaft  carries  two  gun-metal  rings  insulated  from  each  other 
and  from  the  shaft  to  which  are  attached  the  ends  of  the  field- 
magnet  circuits,  and  by  means  of  which  the  exciting  current  is 
passed  into  the  field  circuit.  Each  ring  is  provided  with  two 
sets  of  brushes,  each  set  being  ample  for  collecting  the  exciting 
current,  and  the  brushes  and  their  holders  are  carried  by  a 
support  from  the  base  plate.  Suitable  adjustable  springs  con- 
trol the  pressure  of  these  brushes,  and  their  holders  are  carried 
against  their  contact  rings.  The  shaft  carries  two  pulleys  of 
oast  iron — one,  the  driving  pulley,  turned  with  seven  grooves 
for  seven  l^in.  ropes,  and  the  other  turned  with  four  grooves 
'  for  four  fin.  ropes  for  driving  the  exciter  dynamo.  The  exciter 
is  a  series-wound  machine,  with  drum  armature,  running  a 
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speed  of  800  roTolutionB  per  minute.  Each  alternator  has  its 
own  exoiteri  and  for  the  100-unit  alternators  the  excitens 
famish  a  ounrent  of  25  to  28  amperes  at  120  volts. 

The  speed  of  the  alternators  is  350  revolutions  per  minute, 
giving  an  alternating  current  having  about  10,000  altemati<ms 
per  minute,  or  a  ''frequency"  of  83. 

The  output  of  each  alternator  is  50  amperes  at  2,000  voltt. 
The  over-all  height  of  this  alternator  is  8ft  Gin.,  and  the  weight 
10  tons.  A  separate  pair  of  wires  are  taken  off  one  coil  of  the 
armature  for  the  purpose  of  regulation  of  electromotive  force  in 
a  way  to  be  presently  described. 

The  commercial  efficiency  of  this  alternator  at  full  load  is 
stated  to  be  about  85  or  87  per  cent.  These  alternators  are 
also  said  to  worlc  well  in  parallel.  If  two  alternators  driven  by 
separate  engines  are  thrown  in  parallel  and  the  steam  is  shut 
off  one  engine,  it  still  continues  to  be  taken  round  by  its 
dynamo  acting  as  a  motor  and  driven  by  the  fellow-dynamo 
acting  as  a  generator. 

Alternators  of  this  type  are  made  in  the  following  sizes :— 


Safe  output 

JjotAin 

ReyoluUons  per 

BeTolutioiiB  of 

in  kilowatts. 

60-watt  lamps. 

minute. 

exciter  per  minute. 

SO 

600 

600 

1,000 

45 

750 

650 

1,000 

60 

1,000 

500 

1,000 

90 

1,600 

400 

800 

120 

2,000 

350 

700 

160 

2,600 

300 

600 

200 

8,300 

250 

600 

AU  these  machines  are  arranged  to  give  an  alternating  cur- 
rent having  10,000  to  12,000  reversals  of  current  per  minute, 
and  electromotive  force  of  1,000|  2,000,  or  3,000  volts,  as 
required. 


§  19.  Lowrle-HaU  Cruisformen, — The  transformers  are  of 

the  closed  magnetio-circuit  core  type.     Two  iron  cores  aiiB 

formed  of  piles  of  thin  iron  plates  (m^  Fig.  75),  each  plate  being 

leparated  by  thin  paper  from  the  next.    On  each  of  these 

Q 
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OOTOB  u  wDiuid  k  primaiy  and  a  aeoondory  coil  one  over  tha 
other,  part  of  the  iron  core  projecting  beyond  the  ooUa  &t 
both  ends.  The  two  ooil-coTered  cores  are  theai  placed  dde 
by  side,  and  the  plates  of  the  coree  projecting  beyond  the  ooils 
axe  turned  over  alternately,  each  pair  of  plates  forming  a 
closed  magnetio  oircuit.  The  vhole  of  the  plates  are  then 
filamped  tightly  t<^tber  at  both  ends  to  ensure  good  mag- 
netio  contact.    The  completed  oonTsrtez  shown  in  Fig.   76 


thus  seems  to  form  a  dosed  huninated  iron  ring  of  rectangolar 
ahape,  and  having  a  primary  and  secondary  coil  wound  on 
each  side  of  the  ring.  The  transformers  are  placed  in  iron 
converter  cases  (Fig.  77).  The  pairs  of  prbnaiy  and  seoon* 
dary  coils  are  respectively  joined  up  in  series,  and  the 
terminals  brought  to  insulated  terminals  outside  the  oas& 
The  usual  primaiy  and  secondary  double-pole  fuses  are  placed 
in  porceluD  boxes  on  the  case.  Tho  converter  cases  have  Inga 
and  rings  so  as  to  suspend  or  fix  them  in  place.     These  tnuos- 
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formers  are  aaid  to  take  about  '02  ampere-current  in  the  pri- 
raitry  when  on  open  Bei-oLKiiirj  circuit.     The  various  sizes  used 


are  for  out-puts  of  1,  2,  i,  6,  8,  10,  16,  20,  30,  40  E.H.P.,  and 
are  vound  to  convert  from  2,000, 1,600,  and  1,000  volts  to  100 
or  60  Tolts. 
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Fjo,  T7.— Lowti«-Hall  Truulormtr. 
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§  20.  Honse-to-HoiUBe  Central  Statioii  at  West  Brompton. — 
The  HouBO-to-House  Electric  Light  Supply  Company  have 
established  at  West  Brompton,  in  London,  a  very  complete 
transformer  station  on  the  Lowrie-Hall  system. 

The  site  of  the  station  la  a  plot  of  land,  470ft.  long  by  60ft. 
vide,  adjoining  the  Metropolitan  District  Railway.  On  this 
site  has  been  erected  a  central  station  capable  of  supplying 
current  to  about  48,000  50- volt  10-candle-power  incandescent 
lamps.  The  general  appearance  of  a  small  portion  of  this 
station  is  shown  in  Fig.  78,  and  the  whole  station  comprises 
dynamo  and  engine  room,  boiler  house,  testing-rooms,  offices, 
stores,  drawing  and  engineer's  offices,  water  tank,  coal  stores,  &c 

The  station  when  completed  is  intended  to  have  12  unit 
plants,  each  consisting  of  an  engine,  boiler,  dynamo,  and 
exciter,  and  capable  of  giving  an  electrical  out-put  of  100,000 
watts.  At  the  present  time  (1890)  three  such  unit  plants  are 
actually  in  place,  and  the  remainder  will  be  added  as  required. 
The  present  supply  is  to  about  16,000  eight  caudle-power 
50-volt  lamps,  some  10,000  of  which  are  at  full  load,  burning 
at  one  time.  The  supply  is  to  numerous  private  houses,  flats, 
shops,  St.  Jude's  Church,  and  other  public  buUdings. 

Each  alternator  is  driven  by  a  200  horse-power  horizontal 
coupled  compound  engine,  by  John  Fowler  and  Co.,  of  Leeds. 
The  high-pressure  cylinder  is  15in.  in  diameter,  the  low-pressure 
25in.  in  diameter ;  the  stroke  is  30in. ;  and  the  initial  steam- 
pressure  is  1301b.  per  square  inch.  The  speed  is  88  revolutions 
per  minute.  The  cylinders  are  steam-jacketed.  Between  the 
high-pressure  and  low-pressure  cylinder  is  suspended  a  massive 
flywheel,  14ft.  in  diameter,  grooved  for  seven  l|in.  ropes.  The 
engines  are  governed  by  Hartnell's  governor,  which  is  driven 
from  the  shaft  by  cotton  ropes,  and  controls  the  engine  by 
acting  direct  on  the  expansion  valves  of  the  high  and  low- 
pressure  cylinders,  giving  a  range  of  cut-off  in  the  high-pressure 
cylinder  from  1  to  60  per  cent,  of  the  stroke,  and  governs  the 
engine  speed  to  within  2  per  cent.  The  approximate  weight  of 
each  engine  is  24  tons.  Each  engine  drives  its  associated 
dynamo  and  alternator  by  means  of  seven  cotton  ropes. 

Efficient  means  for  tightening  the  driving  ropes  are  provided, 
consisting  of  two  cast-iron  rails  of  heavy  section,  fitted  at  one 
end  of  each  with  forcing  screws ;  provided  with  holding-down 
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bolts  for  the  dynamo,  the  nuts  of  which  are  of  rectangula): 
form  and  sliding  in  grooves  formed  in  the  ndls,  the  bolts  being 
thus  applied  from  above  are  removable  without  lifting  the 
djnamo.  The  two  rails  are  securely  tied  together  with  cast- 
iron  distance  pieces.  Similar  arrangements  are  supplied  for 
the  exciter.  The  foundations  of  all  the  engines  and  dynamos 
below  ground  are  buOt  of  hard  gault  bricks,  set  in  Portland 
eement^  on  a  oontinuous  slab  of  Portland  concrete.  The  engine 
floor  is  raised  three  steps  above  the  general  floor  line,  and  each 
engine  base  set  up  14in.  on  a  blue  Staffordshire  brick  pedestal 
for  conveniently  reaching  all  the  parts,  and  at  the  same  time 
to  secure  natural  drainage  to  the  driving-wheel  races.  The 
floor  on  the  raised  platform  is  paved  with  blue  Staffordshire 
bricks*  All  round  the  dynamos  and  exciters  is  a  highly-insu- 
lated platform  of  crossed  floor  boards  set  on  joists,  with  bitumen 
between  the  two  sets  of  boards  and  linoleum  laid  throughout. 
This  platform  is  also  raised  Gin.  above  the  general  floor  line. 

The  boilers  are  the  well-known  Babcock  and  Wilcox  water 
tube  boilers  with  steam  drum,  capable  of  evaporating  easily 
5,5001b.  of  water  per  hour,  and  requiring  not  more  than  lib. 
best  Welsh  coal  per  lO^lb.  water  evaporated.  Daily  working 
pressure  150  (one  hundred  and  fifty)  lb.  per  square  inch.  The 
details  of  each  boiler  are  as  follows : — 

Feeti  Inches. 

Number  of  tubes  in  each  boiler,  81 •  —  — 

Length  of  tabes   •  18  — 

Diameter  of  tubes    —  4 

Length  of  steam  dram    23    *  — 

Diameter  of  steam  dram    4  — 

Length  of  mad  dram 5  6 

Diameter  of  mad  dram  1  6 

Number  of  seotions  or  slabs  in  each  boiler  9  — 

Total  length  of  boiler 23  — 

y,     height       „           14  8 

„     breadth  of  all  three  boilers  together  22  9 

Heating  sforface  on  each  boiler 1,790  sq.  ft. 

Ghrate  area  in  each  boiler   33^  sq.  ft» 

All  joints  in  tubes,  headers,  hand-holes,  &c.,  are  metallic,  no 
indiarubber,  asbestos,  or  such  like  material  being  used.  The 
entire  boiler  is  suspended  from  a  gallows  or  supporting  framCi 
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quite  independent  of  the  briokworki  thus  allowing  free  ezpaa* 
sion  and  oontractioDi  and  the  removali  if  neoeasary,  of  the  fariok« 
work,  without  disturbing  the  set  of  the  boiler  or  oonnectionB. 
The  steam  drum,  where  exposed  to  radiation,  is  oovered  2in. 
deep  with  non-oonduotor.  The  ohinmey  shaft  is  oommon  to  all 
three  boilers.    Its  dimensions  are  :— 

Feet.     Inches. 

Height  from  base-plate 100    ...    0    above  ground. 

Inside  diameter 5    ...    6 

Outside  diameter  at  base 11    ...    0 


These  dimensions  are  suffident  fi>r  a  battery  of  six  boilezs, 
the  intention  being  to  erect  another  shaft  for  the  second  six 
boilers.  Below  ground  the  chimney  rests  on  a  slab  of  con- 
crete 20ft.  square  by  6ft.  thick  on  the  red  London  graveL 

The  boilers  are  connected  with  copper  connecting  pipes  to  a 
15-inch  steel  main  pipe  (this  latter  being  of  sufficient  size  to 
supply  steam  from  12  boilers  to  12  sets  of  plant),  carried  on 
brackets  fixed  on  the  side  of  the  wall,  and  each  engine  is  again 
connected  thereto  by  a  copper  bend  pipe ;  the  connections,  both 
to  engines  and  boilers,  are  arranged  so  that  their  spring  or 
flexibility  will  allow  for  expansion  of  the  main  steam  pipe,  thus 
dispensing  with  any  expansion  joints.  The  condensed  water 
from  the  pipe  is  collected  in  a  receiver  for  use  in  the  works  and 
for  the  meters.  The  joints  of  this  pipe  are  made  with  rings  of 
copper  tube  covereci  with  asbestos,  fitting  into  a  small  spigot 
and  faucet  formed  in  the  flanges.  The  exhaust  pipe,  27-inch 
diameter,  is  also  arranged  to  be  common  to  all  engines.  It  is 
of  steel,  similar  to  the  steam  pipe ;  the  connection  from  the 
engines  and  to  the  heaters  being  of  copper,  arranged  to  take 
the  expansion  of  the  main  pipe. 

After  passing  through  the  heaters  or  the  by-pass  provided, 
the  exhaust  steam  passes  into  the  chimney,  the  drain  from  this 
pipe  passing  into  a  well  under  the  water  leveL  The  drain 
pipes  from  the  engines  are  also  all  taken  to  a  main  drain  pipe 
conmion  to  all  engines  and  carried  to  this  well  and  under  water. 
This  well  is  automatically  drained  of  surplus  water  and  pre- 
vents steam  from  being  blown  direct  into  the  sewers. 

The  high-pressure  leads  from  the  alternators  are  brought  to 
a  switch  room,  and  all  oonnections,  governing,  and  changes  are 
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effected  in  this  room.  As  at  present  (1890)  arranged,  each 
dynamo  works  on  to  a  single  and  separate  primary  main. 
There  are  abeady  about  25  miles  of  such  primary  main  laid  m 
the  streets.  The  three  pairs  of  leads  from  the  three  alternators 
and  the  ends  of  the  three  pairs  of  primary  street  mains  are  all 
brought  to  a  switoh-board|  and  by  a  simple  4-plug  switch  any 
dynamo  can  be  put  into  any  main.  The  leads  from  each 
dynamo  have  their  own  double-pole  safety  fuses,  ammeter  and 
Toltmeter.  There  is  also  a  double  set  of  synchronising 
transformers  for  putting  any  pair  of  dynamos  in  parallel, 
as  described  in  connection  with  the  Leghorn  Central  Station 
{9ee  §  9). 

The  mode  in  which  this  cross-connection  of  any  dynamo  to 
any  main  is  made  is  very  simple  and  practical. 

Four  straight  terminals  are  mounted  upon  bosses  of  earthen- 
ware bolted  to  a  slab  of  slate.  The  front  earthenware  bosses 
are  deeper  than  the  projection  of  the  terminals  from  the  face  of 
the  slate,  to  protect  the  terminals  from  dust,  dirt,  and  the 
like,  and  to  prevent  accidental  contact.  The  entrance  orifices 
of  these  front  bosses  are  funnel  shaped,  in  order  to  guide  the 
plugs  to  their  respective  seats  in  or  upon  the  terminals.  The 
back  ends  of  the  latter  protrude  through  the  back  earthen 
ware  bosses,  to  which  they  are  secured,  and  the  terminals  are 
formed  to  receive  and  bind  the  circuit  conductors.  This 
arrangement  of  four  terminals  upon  their  base  is  termed  a 
terminal  base.  Upon  a  similar  but  smaller  base  of  non-con- 
ducting material  are  also  secured  four  plugs  corresponding  in 
position  to  the  aforesaid  terminals.  In  the  centre  is  a  wooden  or 
other  insulated  handle ;  and  a  stop  is  fixed  to  limit  the  insertion 
of  the  plugs  within  the  terminals.  A  strip  of  copper  electrically 
connects  each  pair  of  plugs ;  and  the  base,  with  its  handle  and 
four  plugs,  is  called  a  plug  base.  The  combined  four-terminal 
base  and  four-plug  base  is  called  a  unit  switch  block. 

The  arrangement  of  the  plugs,  and  that  of  their  correspond- 
ing terminals,  is  that  of  a  rectangle,  nearly  square  in  dimen- 
inons.  This  is  to  prevent  the  plug  base  being  inserted  wrongly 
in  the  terminal  base,  to  make  vertical  connections  (for  example) 
instead  of  horizontal  ones.  The  smoothing-iron  form  of  the 
handle  also  serves  to  indicate  the  position  in  which  the  plug 
base  should  be  held  in  switching,  so  that  by  the  rectangular 
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fonn  and  arrangement  of  the  oircnits  it  is  impossible  to  plug 
the  wrong  terminals  in  a  unit  switch  block.  The  terminals 
ai^  made  in  the  form  of  a  split  tube,  to  make  spring  contact 
upon  the  exterior  surface  of  the  solid  plugs. 

The  requisite  nuEdber  of  switch  blocks  are  mounted  upon  a 
suitable  support,  in  the  form  of  a  square.  Upon  one  side  of 
the  square  we  connect  each  of  the  unit  switch  blocks  to  a 
generator,  and  upon  a  horizontal  line  with  each  of  these  a 
similar  switch  is  placed,  one  for  each,  and  connected  to  the 
working  of  the  outer  circuits. 

In  the  respective  circuits  named  are  placed  safety  fuses,  and 
the  arrangement  is  such  that  one  pole  of  a  dynamo  machine  is. 
connected  to  one  terminal  of  a  unit  switch  block,  while  the 
other  pole  is  connected  to  the  diagonally  placed  terminal  of  the 
same  switch  block.  Similarly,  each  pole  of  the  outer  circuit 
switches  is  electrically  connected  to  the  remaining  two  ter- 
minals of  the  same  block. 

Provision  is  made  by  grooves  at  the  back  of  each  unit  switch 
block  to  extend  all  the  electrical  connections  to  the  adjoining  unit 
blocks  in  the  same  symmetrical  manner.  For  example,  when 
four  unit  blocks  are  combined  together  as  a  square,  with  con- 
nections from  two  dynamos  on  one  side,  and  connections  to  two 
working  circuits  at  right  angles  thereto,  the  whole  of  the  cur- 
rent from  the  two  generators  can  be  conducted  into  one  of  the 
working  circuits;  or,  the  current  from  one  machine  led  into 
one  circuit,  while  the  other  machine  is  supplying  the  other  cir- 
cuit ;  or,  one  circuit  is  fed  by  both  machines,  while  the  other 
oirouit  draws  its  supply  from  one  machine  only;  or,  finally, 
both  circuits  may  be  fed  by  both  generators,  according  to  the 
number  and  arrangement  of  the  plug  bases  engaged  with  their 
respective  terminal  bases.  Thus,  any  number  of  generators  and 
drouits  can  be  electrically  connected  by  adding  the  requisite 
number  of  unit  switch  blocks  in  the  manner  indicated. 

The  next  important  element  in  the  system  is  the  self -regulat- 
mg  arrangement,  by  means  of  which  a  constant  electromotive 
force  of  2,000  volts  is  kept  at  the  terminals  of  each  dynamo. 
As  the  loss  of  volts  in  the  primary  mains  between  full  load  and 
lightest  load  is  only  2^  per  cent.,  no  adjustment  is  made  for 
varying  current  in  the  main,  but  the  terminal  pressure  difference 
IS  kept  constant  at  the  machine. 
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This  is  effected  by  regulating  the  exciter  current  by  shunting 
more  or  less  of  the  field  current  of  the  series-wound  exciters. 
From  the  terminals  of  one  single  coil  of  the  armature  of  the 
dynamo  is  taken  off  a  pair  of  wires,  and  the  75  volts  of  this  coil  is 
reduced  by  a  small  transformer  to  50  volts.  The  current  from 
the  secondary  of  this  small  transformer  is  passed  through  two 
horizontal  fine  wires,  like  a  Cardew  voltmeter,  and  the  greater 
or  less  expansion  of  these  wires,  as  the  KM.F.  of  this  coil 
ol  the  armature  varies,  causes  a  greater  or  less  sag  of  these  wire8« 
This  expansion  is  then  made  to  effect  the  regulation  as  follows  :-— 


Fia  79. — Diagram  of  Connections  for  Lowrie-Hall  Preasure  Eegulator. 

Across  the  terminals  of  the  above-mentioned  transformer,  M^ 
are  the  two  fine  wires,  £  and  F  (see  Fig.  79),  supported  between 
the  fixed  points,  Z,  Y,  and  Z\  Y\  whose  normal  positions 
when  cold  are  shown  by  the  dotted  lines,  the  two  wires 
being  in  series  with  one  another,  and  connected  by  the 
wire  Y,  Y^.  The  field-magnets  of  the  alternator,  A,  are  excited 
by  the  exciter,  B.  Across  the  fields  of  this  exciter  a  shunt  of 
varying  resistance  is  placed,  connected  by  the  wires,  d,d};  this 
shunt  resistance  is  formed  by  two  metal  plates  dipping  in  the 
solution  in  the  electrolytic  cell  D,  and  its  resistance  is  altered 
by  the  raising  and  lowering  of  the  plates  into  the  solution, 
which  is  accomplished  automatically  by  the  passage  of  a  current 
through  either  one  of  two  solenoids  or  coils  which  pull  up  or 
down  an  iron  core  inside  the  coils  i  the  top  coil,  G,  lowers  them^ 
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and  the  bottom  coil,  G^,  raises  them,  by  the  attraction  of  this 
movable  iron  core  inside  the  coils. 

This  core  is  attached  to  the  plates  by  a  cord  passing  over  a 
poUey  cP.  To  the  centre  of  the  wire  E  a  cord  is  attached, 
the  other  end  of  which  is  fixed  to  the  arm  e  of  the  rocking  ann 
e,  e^;  this  arm  is  pivoted  at  e^  on  a  fixed  support  If  the 
electromotive  force  of  the  dynamo  rises  too  high,  the  sag 
becomes  greater,  and  the  arm  e  is  pulled  down  by  the  weight 
4?f  and  so  makes  contact  on  the  table  e;  if,  however,  the 
^ctromoUve  force  £eJ1s,  the  wire  pulls  the  arm  c  up,  so 
causing  the  other  arm,  e\  to  make  contact  with  the  table  c\ 
To  the  centre  of  the  wire  F  the  cord  /  is  attached,  which  raises 
or  lowers  the  arm  /^,  pivoted  at  its  end,  off  or  on  to  the  table 
y.  This  table  f^  is  connected  to  one  pole  of  the  exciter,  and 
the  pivot  of  the  arm/^  is  connected  by  the  wire/^  to  the  pivot 
of  the  rocking  arm  e' ;  the  table  c  is  connected  to  the  top  coil 
C,  and  the  table  c^  to  the  bottom  coil  C^,  the  other  ends  of 
these  two  coils  being  jointly  connected  to  the  other  pole  of 
the  exciter.  If  now  the  electromotive  force  of  the  dynamo 
rises  too  high,  the  arm  e  falls,  so  making  contact  with  the  table 
c;  the  electromotive  force  of  the  exciter  is  therefore  right  across 
the  coil  C,  one  side  being  in  metallic  connection,  and  the  other 
being  connected  through  the  table  Z',  up  the  arm  /^,  through 
the  wire/^,  to  arm  e,  so  passing  through  the  table  c,  connected 
with  the  coil  C.  This  coil  coming  into  action  pulls  the  core  up 
and  so  lowers  the  plates  into  the  solution,  which  therefore 
lowers  the  resistance  of  the  shunt,  so  causing  less  current  to 
pass  round  the  fields  of  the  exciter,  and  consequently  weaken- 
ing the  field  of  the  dynamo  A,  so  lowering  its  electromotive  force. 
These  coils,  G,  G^,  it  should  be  mentioned,  are  wound  with  fine 
wire  and  are  of  high  resistance,  so  that  their  connection  across 
the  exciter  has  no  effect  upon  the  dynamo  A.  If,  however,  the 
electromotive  force  is  too  low,  the  arm  e^  touches  the  table  c\ 
so  shunting  the  current  through  the  coil  G^,  which,  coming  into 
action,  raises  the  plates  out  of  the  solution,  and  consequently 
the  resistance  of  the  shunt,  so  that  more  current  passes  from 
the  exciter  round  the  fields  of  the  dynamo  A,  whose  electro- 
motive force  therefore  rises.  The  arm  f^  is  put  in  to  cut  out  the 
action  of  the  regulator  in  the  event  of  the  wire  E  breaking,  for 
jfchat  wire  by  breaking  would  stop  the  passage  of  the  current 
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through  the  wire  F,  so  making  the  latter  contract  and  pull  up 
the  arm  /^^  so  breaking  its  connection  with  the  table /b.  1£  no 
■provision  is  made  for  this  accident,  the  arm  e,  by  making  per- 
manent contact  with  the  table  e,  would  lower  the  electromotive 
force  of  the  dynamo  as  far  as  the  shunt  would  allow.  In  the 
shunt  resistance,  the  two  plates,  which  are  fixed  to  an  insulat- 
ing piece,  dip  into  the  solution  contained  in  the  glass  celL  The 
plates  are  supported  by  two  chains,  which  pass  over  the  two 
ebonite  wheels ;  these  chains  make  connection  with  the  plates 
and  terminate  at  two  terminals,  having  sufficient  slack  to  allow 
the  wheels  to  turn  their  maximum  distance  either  way.  On  a 
smaller  pulley  a  chain  is  fixed,  supporting  the  iron  core,  which 
moves  up  or  down  in  the  coils ;  the  speed  of  the  motion  of  the 
plates  Is  increased  or  decreased  by  tiie  ratio  of  the  diameters 
of  the  pulleys.  The  coils  are  wound  upon  a  brass  tube,  which 
is  filled  with  glycerine  to  act  as  a  dash-pot,  the  core  acting  as  a 
plunger  Itself.  The  plates  in  the  shunt  resistance  cell  should  be 
changed  periodically  to  reverse  the  chemical  action  of  the  current 
upon  them.  In  the  actual  instrument  thus  designed  to  utilise 
the  sag  of  a  wire,  the  wires  are  stretched  in  a  brass  tube,  in  the 
cenlsre  of  which  is  a  containing  box ;  at  each  end  of  the  tube  is 
a  disc  or  insulation;  on  one  of  which  are  two  movable  brass  strips 
to  tighten  the  wires  by  the  action  of  the  thumbscrews.  These 
are  used  to  adjust  the  instrument ;  on  each  of  these  strips  is  a 
terminal,  so  that  they  make  electrical  connection  to  the  wires. 
At  the  other  end  of  the  tube  a  brass  piece  is  fixed,  on  to  which 
both  wires  are  screwed.  The  rocking  arm  is  jewelled  in  both 
movements.  The  use  of  the  guiding  arm  is  to  bring  the  centre 
pin  on  to  the  bridge,  so  that  when  the  current  ceases  the  wire 
is  free  to  contract.  All  the  contacts  are  made  of  platinum, 
and  the  connections  to  the  tables  are  made  in  the  terminals 
underneath ;  these  tables  are  aU  adjustable  from  below,  so  that 
their  height  may  be  altered  without  allowing  cold  air  to  get  into 
the  tube  whilst  the  current  is  on.  The  use  of  the  other  arm  as  a 
eat-out  has  already  been  described.  The  use  of  one  wire  is  that 
of  a  cut-out  as  before  described.  It  will  be  seen  that  another 
method  of  rendering  the  instrument  still  more  sensitive  or  the 
reverse,  is  by  moving  the  attachment  of  the  cord  on  the  rocking 
arm  nearer  to  or  farther  from  the  pivot. 

The  external  appearance  of  this  regulator  is  shown  in  Fig.  80. 
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§  2L  IiOwrie-HaU  Distzibntion  System. — ^This  distribution 
system  is  an  underground  system.  Oast  iron  pipes  are  laid  in 
tbe  streets,  having  junction  boxes  every  forty  feet^  and  sur* 
face  boxes  at  the  street  oomers.  Into  these  pipes  are  drawn 
stranded  copper  cable  heavily  insulated  with  vulcanized  india^ 
rubber  covering,  and  the  joints  are  covered  with  rubber 
insulation  vulcanized  tn  ntti,  after  making  the  joint,  by  a  small 
portable  heater.  The  positive  and  negative  mains  are  run  in 
the  same  iron  pipe.  Fresh  cables  can  be  drawn  in  as  required. 
At  the  junction  boxes  distributing  mains  are  taken  off  to 
the  transformers.  These  are  placed  in  iron  boxes  or  in  the 
cellars  or  areas  of  the  houses.  Each  house  may  be  served  by 
a  single  transformer,  or  one  or  two  transformers  may  be 
banked  to  serve  a  group  of  houses  or  shops  off  their  common 
secondaries.  This  underground  system  has,  it  is  said,  given 
great  satisfaction  in  use.  A  simple  method  is  adopted  to 
roughly  test  the  leakage  from  either  primary  main.  A 
vacuum  tube,  having  one  platinum  wire  terminal  put  to 
earth,  has  its  other  platintun  wire  terminal  connected  to  one  or 
other  of  the  primary  mains.  As  long  as  the  insulation  of  the 
primary  main  is  good,  this  vacuum  tube  shows  a  glow-light  in 
it ;  but  if  a  bad  &ult  occurs  on  the  main,  this  glow-light  no 
longer  is  seen. 

In  connection  with  the  Lowrie-Hall  system  should  be 
mentioned  an  ingenious  meter  by  which  the  record  of  the 
lamp-hours  is  kept.  The  alternating  current  from  the 
secondary  coil  of  the  transformer  is  made  to  pass  on  its  way 
to  the  lamps  through  a  small  secondary  battery  and  a 
copper  voltameter  consisting  of  a  pair  of  copper  plates  sus- 
pended in  a  solution  of  sulphate  of  copper.  The  alternating 
current  which  illuminates  the  lamps  has  in  itself  no  ability  to 
cause  a  deposition  of  copper  upon  the  plates,  but  when  lamps 
are  turned  on  the  secondary  battery  sends  a  current  through 
the  copper  voltameter  which  is  exactly  proportional  in  strength 
to  the  number  of  lamps  turned  on,  and  to  the  current-using 
capacity  of  each.  Hence  the  secondary  battery  causes  a  con- 
tinuous current  to  flow  through  the  voltameter,  increasing  the 
weight  of  one  plate  and  diminishing  that  of  the  other  to  a  degree 
which  is  exactly  proportional  to  the  quantity  of  alternating 
current  which  has  passed  in  that  time.    What  is  measured 
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is  not  the  ourrent  illuminating  the  lamps,  but  a  much 
smaller  continuous  ourrent,  which  is,  however,  at  every  instant 
exactly  proportional  to  the  alternating  current.  Hence  the 
loss  in  weight  of  one  copper  plate  is  exactly  proportional  to  the 
quantity  of  the  alternating  ourrent  which  has  traversed  the 
lamps.  A  monthly  removal  of  the  plates  for  weighing,  and  a 
renewal  of  the  charge  of  the  secondary  battery,  suffices  to 
enable  a  charge  to  the  consumer  to  be  made  according  to  his 
consumption. 

§  22.  Madrid  Oentral  Station.  —  The  House-to-House 
Company  have  designed  a  model  central  station  on  this 
Lowrie-Hall  system.  Each  engine,  boiler,  alternator,  and 
exciter  forms  a  separate  and  complete  plant,  and  a  series  of 
these  unit  plants  are  placed  side  by  side,  the  unit  being 
*  approximately  for  about  one-twelfth  part  of  the  capacity  of 
the  full  station.  The  same  Company  have  established  on  the  - 
Lowrie-Hall  system  a  very  complete  transformer  station,  after 
this  model,  at  Madrid.  This  station  was  opened  in  October, 
1890.  The  works  are  situated  close  to  the  railway  station.  Las 
Delicias.  The  engine  and  dynamo-room  and  boiler-house  are 
each  about  132  feet  long  and  60  feet  in  width,  extending 
parallel  to  each  other.  There  are  at  present  installed  six  unit 
plants,  each  consisting  of  engine,  boiler,  and  dynamo,  together 
with  the  necessaxy  offices  and  workshops.  The  present  capa- 
city of  the  station  is  for  24,000  10-candle  lamps.  In  its  plant 
and  arrangement  the  station  otherwise  resembles  the  Brompton 
station,  already  described. 

§28.  Transformer  Stations  of  the  Metropolitan  Electric 
Supply  Oompany. — ^The  Metropolitan  Electric  Supply  Com- 
pany have  established  at  Manchester-square,  London,  as  part 
of  their  system,  a  transformer  station,  in  which  Elwell-Parker 
alternators  and  transformers  are  employed.  Like  their  Sardinia- 
street  station,  Manchester-square  is  an  alternate  transformer 
station,  supplying  distributed  transformers  placed  on  customers' 
premises  by  means  of  an  undergroxmd  system  of  primazy 
conductors.  The  site  on  which  the  station  stands  was 
formerly  a  stable,  and  the  first  sod  was  turned  on  August 
12,  1889,  in  the  commencement  of  the  station  which  has 
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been  erected  in  that  place.  The  station  will  be  capable^ 
when  in  full  operation,  of  an  electrical  output  of  a  million  watts. 
Henoe  it  will  be  able  to  supply  an  actual  demand  of  30,000 
30-watt  lamps,  or  50,000  such  lamps  wired.  The  station 
buildings  are  substantial  brick  buildings,  which  have  been  laid 
out  with  great  skill  to  economise  to  the  utmost  the  space  at 
disposal. 

The  dynamo  room  (Fig.  81)  contains  a  set  of  ten  generating 
units,  each  composed  of  a  200  horse-power  Willans  triple 
expansion  engine,  working  under  a  pressure  of  2001b.  of  steam, 
combined  on  the  same  bed-plate  with,  and  driving  direct  an 
ElweU-Parker  alternator,  haying  an  output  of  100  kilowatts. 

The  engines  work  at  a  speed  of  355  revolutions  per  minute, 
and  require  2001b.  pressure  of  steam.  The  £1  well  Parker 
dynamo  coupled  to  it  has  already  been  described  in  detail. 

The  dynamos  at  Manchester-square  have  36  magnet  poles  on 
the  revolving  field  magnets  and  36  coils  in  the  stationary 
armature,  and,  accordingly,  there  are  about  12,000  altemationa 
per  minute  in  the  resulting  current,  or  a  frequency  of  100. 
The  exciting  current  employed  is  a  current  of  28  to  34  amperes 
at  a  pressure  of  100  volts.  Each  dynamo-bearing  is  provided 
with  arrangements  for  circulating  cold  water  through  the 
hollow  bearings  in  case  of  heating. 

These  alternators  furnish  a  current  of  100  amperes  at  full 
load,  under  a  pressure  of  1,000  volts.  To  excite  this  battery 
of  10  alternators  there  are  four  exciters  by  El  well-Parker,  which 
are  the  ordinazy  shunt  machines,  each  driven  by  a  triple-expan- 
sion  direct-coupled  60  horse-power  Willans  engine  at  a  speed  of 
475  per  minute.  Two  of  these  exciters  are  equal  to  doing  the 
whole  work  of  exciting  the  10  alternators,  and  the  fields  of  the 
alternators  are,  as  usual,  joined  in  parallel  across  the  poles  of 
the  alternators. 

The  arrangements  for  preventing  the  transmission  of  vibra- 
tion from  those  engines  and  dynamos  to  the  ground  around 
are  very  perfect.  In  preparing  the  foundations  for  each 
engine  and  dynamo,  the  ground  was  first  excavated  for  a 
depth  of  10  or  12ft.,  and  a  pit  formed  (see  Fig.  82)  in 
which  was  made  a  solid  floor  of  concrete,  and  the  sides 
built  up.  On  this  floor  of  concrete  was  laid  a  thick  sheet 
of    felt,  and  then  one  of   lead,  and  on  this  was  built  up 
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«  block  or  table  of  brick.  On  this  table  the  bed-plato 
■of  the  engine  and  djnamo  ww  fixed  and  bolted.  The 
■object  of  this  uruigement  was  to  quench  all  vibration  oad 
prevent  the  oommimicatioa  of  thump  to  the  walls  of  the 
building  and  to  the  ground  around.  Entering  the  boiler- 
house  («M  Fig8.  83  and  81)  we  find  a  batter;  of  nine  Baboook 
-and  Tnicox  tubular  boilers,  each  capable  of  evaporating  6,0001b. 
■of  water  per  hour.  The  conaumption  of  all  the  engines  when  at 
full  load  will  be  40,0001b.  of  water  per  hour.  The  arrange- 
ment^  due  to  Mr.  Bosenthal,  by  which  large  steam  pipes  are 
avoided  is  worth  notice.  Over  eaoh  piur  of  boilers  is  a 
•wide  jnpe  or  drum,  and  from  eaoh  drum  proceed  steam  pipee  to 


no.  83. — Ifancheatw-tqutre  Station.     Sectional  view  of  the  metiiod 

of  tnruiging  the  (onndfttions  eo  u  to  prerent  Tibratioa. 

a,  SeUining  waU.    b,  Sub-base,    c,  Lead  and  felt, 

-two  engines.  All  the  drums  are  connected  by  equalising  pipes, 
And  as  a  result  there  is  no  steam  pipe  other  than  these  drums 
which  is  larger  than  five  inches  in  diameter,  and  the  difficulties 
with  large  bends  and  joints  thus  avoided.  The  steam  stop- 
valvea  which  shut  ofi'  each  boiler  are  made  with  an  outside 
screw  thread,  and  a  gunmetal  femiile  screw  having  a  loi^tu- 
Jiual  slot  through  whioh  oil  can  be  squirted  through  the  thread 
to  prevent  sticking.  Each  boiler  has  two  feeds,  one  hot  and 
one  cold  ;  so  that  if  the  hot  feed  fails  from  any  cause  the 
■cold  feed  can  be  supplied.  In  blowing  off  the  hot  water 
from  the  boiler  there  is  an  arrangement  by  whioh  cold  water 
is  mixed  with  the  hot,  so  as  to  reduce  it  below  a  tempera- 
ture of  212deg.  when  it  enters  the  drains,  or  else  the 
result  of  "blowing  off"  would  be  to  fill  all  the  drains 
of  the  surrounding  neighbourhood  with  steam.     A  water  tank 
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is  provided  which  will  contain  twelve  hours'  supply  of  water;  but 
water  can  also  be  taken  direct  from  the  water  mains.  The  coal 
store  has  a  capacity  for  300  tons  of  coal,  and  the  coal  waggons- 
arriving  from  the  street  shoot  the  coal  directly  down  into  the 
bunkers,  which  are  adjacent  to  the  stokd  holes.  Hard  by  the 
boilers  are  the  feed-water  heaters  and  the  pumps.  Two  Owen's- 
pumps  are  provided,  either  one  of  which  will  pump  all  the 
water  required  for  the  boilers.  The  exhaust  steam  from  the 
engines  passes  into  an  exhaust  pipe,  which  is  15in.  in  diameter 
at  one  end  and  widens  to  25in.  in  diameter  at  the  other.  The 
large  end  opens  into  the  chimney  shaft.  In  order  to  prevent 
the  exhaust  steam  from  mixing  with  the  smoke,  this  exhaust 
steam  pipe  is  continued  right  up  the  chimney,  being  supported 
centrally  right  throughout  its  length  by  rings  built  into  the 
brickwork,  which  preserve  it  in  position  whilst  permitting  finee 
expansion  and  contraction. 

The  shaft  itself  is  8ft.  square  inside  at  the  bottom  and  10ft. 
square  inside  at  the  top,  and  cased  outside  with  white  glased 
bricks.  The  central  exhaust  steam-pipe  is  26in.  in  diameter.  The 
shaft  is  surmounted  by  a  cast-iron  chimney  cap  weighing  2d  tons* 
This  arrangement,  which  is  due  to  Mr.  Gordon,  has  the  effect 
of  abolishing  the  nuisance  resulting  from  condensed  steam  and 
soot  in  the  neighbourhood  of  the  station.  The  exhaust  steam 
not  being  contaminated  with  products  of  combustion  dissolves 
quickly  in  the  air.  Adjoining  the  station  is  a  house  for  the 
engineering  staff,  and  when  in  full  work  the  work  will  be  ar- 
ranged in  three  watches  of  eight  hours  each,  and  two  watches 
on  Sundays. 

The  Whole  of  the  station  buildings  are  solidly  built  of  brick, 
and  lined  with  white  glazed  brick,  like  Saidinisrstreet. 

We  have  next  to  notice  the  switch-board  arrangements  at 
Manchester-square.  There  are  three  switch-boards— one  for 
the  exciters,  one  for  the  dynamos,  and  one  for  the  circuits. 
These  boards  are  mounted  on  a  partition  which  stands  away  from 
the  wall  of  the  dynamo  room,  and  permits  access  to  the  connec- 
tions behind  the  board.  The  working  connections  are  mounted 
on  enamelled  slate  bases,  affixed  to  the  wood  frame  of  the  switch- 
board. The  dynamo  switch-board  is  divided  into  ten  panels 
corresponding  to  the  ten  dynamos.  On  each  of  these  panels  there 
is  a  main  ammeter  and  ammeter  short-circuiting  plugi  which 
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ammeter  reads  the  main  primary  current  flowing  out  of  each 
dynamo.  There  is  also  a  Cardew  voltmeter  which  reads  the 
primaxy  Yolts  taken  off  one  coil  of  the  armature  of  each 
dynamo,  and  hence  gives  the  total  primary  volts.  Under  each 
ammeter  is  a  rheostat  for  introducing  resistance  into  the  field 
circuits  of  the  dynamos,  and  thus  regulating  the  electromotive 
force  of  each  independently.  At  the  bottom  of  each  panel 
is  a  magnetic  cut-out^  the  working  arrangements  of  which  are 
shown  in  Fig.  85.  The  primary  current  passes  round  the  coils  of 
the  electro-magnets  of  this  electro-magnetic  cut-out.  When 
the  main  current  exceeds  a  certain  asde  value  the  attraction 
of  an  armature  by  this  electro-magnet  releases  a  double  pole 
switch  normally  kept  locked  by  a  clutch,  and  the  switch  springs 
back  and  opens  the  circuit  of  the  dynamos.  The  exciter  board 
resembles  a  telephone  switch-board.  The  object  of  the  arrrange- 
mentsistogroupthe  exciters  and  dynamos.  Thereare  four  exciters, 
one  of  which  is  sufficient  for  five  dynamos.  Hence  at  full  load 
two  exciteni  have  to  be  operated.  On  the  exciter  board  there 
are  a  series  of  vertical  and  horizontal  bars  which  can  be  con- 
nected by  plugs.  The  vertical  bars  are  connected  to  the  dynamo 
field  circuits,  and  the  horizontal  bars  to  the  exciter  poles. 
By  plugging  together  these  strips  any  exciter  can  be  put  into 
the  fields  of  any  dynamo  or  dynamos  as  required,  and  the 
exciters  can  be  arranged  so  as  to  work  in  parallel  on  one  group 
of  dynamos  or  separately  on  separate  groups.  There  are  the 
usual  rheostats  for  introducing  resistance  into  the  fields  of  the 
exciters.  The  main  circuit  switch-board  closely  resembles  that 
of  Sardinia-street  previously  fully  described.  There  are  twenty- 
two  circuits  which  proceed  out  from  this  board,  and  by  means 
of  plugs  any  dynamo  can  be  put  on  to  any  circuit  or  group 
of  circuits,  and  by  means  of  a  throw-over  switch  that  dxouit 
can  be  instantly  changed  on  to  a  spare  dynamo.  There  is  one 
differe;nce^  however,  in  the  circuit  switch-boards  at  Sardinisr 
street  and  Manchester-square,  in  that  the  plugs  in  the  circuit 
board  in  this  last-mentioned  station  are  made  to  screw  into 
place  for  greater  security  instead  of  being  simply  plugged  in 
as  taper  plugs.  The  twenty-two  panels  in  this  circuit  board  are 
all  exactly  similar.  From  this  circuit  board  highly  insulated 
cables  pass  out  into  a  subway,  where  they  are  laid  and  fixed 
on  wooden  shelves.    From  this  subway  they  pass  into  the  iron 
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pipes  laid  in  the  streets,  which  have  already  been  desoribed 
in  oonnection  with  the  Sardinia-street  station,  otherwise  the 
arrangement  of  mains  is  the  same*  The  difficulties  which  have 
presented  themselves  at  Manchester-square  in  dealing  with 
the  limited  space  at  disposal  have  been  overcome  with  great 
ingenuity,  and  it  has  required  the  exercise  of  much  judgment 
to  place  2,000  horse-power  in  a  space  so  limited,  having  regard 
to  the  necessity  for  complete  fireedom  from  noise»  vibration, 
and  smoke. 

Rathbone-flaob  Station. 

This  station  (see  Fig.  86)  is,  generally  speaking,  designed  on 
the  lines  of  Manchester-square.  There  are  six  Elwell-Parker 
100-unit  alternators,  combined  with  Willans  engines  of  the 
same  size  and  make  as  those  at  Manchester-square.  There  are 
two  combined  Willans  engines  and  Elwell-Parker  dynamos  as 
exciters,  either  one  of  which  will  do  the  whole  work  of  the 
station.  There  are  five  Babcock  boilers,  each  capable  of  eva* 
porating  6,0001b.  of  water  per  hour,  and  the  necessary  pumps, 
heaters,  <fec.  Rathbone-place  was  formerly  a  small  private 
station  which  was  taken  over  by  the  Metropolitan  Electric 
Supply  Company  in  1888.  The  interesting  point  to  notice 
about  it  is  that  whereas  formerly  the  maximum  possible  out- 
put of  the  station  was  current  for  some  2,000  lights,  by  an 
economical  utilisation  of  the  space,  and  by  the  selection  of 
the  present  plant,  a  possible  maximum  output  of  current  for 
15,000  8-candle-power  lamps  has  been  obtained.  The  station 
occupies  the  bottom  floor  of  a  factory,  and  great  care  has 
been  exercised  in  the  building  construction,  and  by  the  intro- 
duction of  a  fire-proof  roof,  to  render  the  station  as  free  as 
possible  from  danger  of  interruption. 

These  stations  of  the  Metropolitan  Electric  Supply  Company 
are  connected  together  by  trunk  mains,  and  in  the  summer, 
when  the  demand  is  small,  it  will  be  possible  to  shut  down 
altogether  one  or  more  of  these  stations,  and  greatly  to  econo- 
mise working  expenses.  At  present  the  whole  of  these  stations 
are  working  on  the  system  of  distributed  transformers;  when, 
however,  a  business  has  been  built  up,  and  the  consumption  in 
the  areas  of  supply  become  sufficiently  great,  it  is  possible  that 
a  system  of  transformer  sub-centres  will  be  initiated,  and  be 
found  to  be  advantageous. 
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§  2i.  The  ZhoBUKm-Hoiuton  Tranafoxmer  System. — ^In  the 
United  States  one  of  the  most  widely  known  of  all  the 
eleetric  lighting  companies  is  that  of  the  Thomson-Houstoa 
Company,  having  its  headquarters  in  Boston, '  United  States. 
Commencing  in  1880,  and  having  in  1882  only  a  small 
factory  at  New  Britain,  Conn.,  this  corporation  has  de- 
veloped its  electrical  manufactures  at  a  steadily  increasing 
rate,  and  has  at  the  present  time  an  immense  factory  at 
Lynn,  Mass.,  occupied  in  the  production  of  electric  lighting 
plant  for  arc  and  incandescent  lamps,  as  well  as  for  electric 
locomotion.  In  the  United  States  over  50,000  arc  lamps  are 
operated  by  the  well-known  Thomson-Houston  continuous  cur- 
rent arc  light  dynamo,  in  some  600  or  more  stations.  The 
ingenuity  and  remarkable  inventive  skill  of  Professor  Elihu 
Thomson  has  been  also  brought  to  bear  on  the  development 
of  an  alternating  transformer  system,  with  the  result  that 
nearly  100,000  incandescent  lamps  are  in  use  (1890)  in  the 
United  States  in  connection  with  a  transformer  system  as 
devised  by  him.  The  alternating  dynamo  employed  in  the 
Thomson-Houston  transformer  system  presents  some  intextsting 
peculiarities. 

Fig.  87  shows  the  general  form  of  all  the  dynamos  for 
generating  alternating  currents  manufactured  by  the  Thomson. 
Houston  Electric  Company.  The  field  magnets  are  of  cast  iron, 
and  are  made  in  two  parts,  the  lower  one  bearing  the  pedestals 
for  the  armature  bearings.  Each  casting  carries  projecting 
inward  from  it  one-half  the  total  number  of  radial  pole  pieces. 
The  ntimber  of  polar  projections  varies  from  eight  in  some  of 
the  smaller  sizes  to  twenty-two  in  the  largest.  The  armature 
is  a  laminated  iron  cylinder,  and  has  applied  to  its  sur£ace  a  set 
of  flat  coils  which  form  one  layer  of  double-insulated  copper 
wire  of  square  cross  section.  This  armature  winding  consists 
of  a  number  of  flat  oval  coils,  equal  in  number  to  the  number 
of  polar  projections,  wound  in  a  lathe  on  special  formersy 
and  curved  so  as  to  fit  the  cylindrical  surface  of  the  iron 
core.  There  is  a  space  of  three-quarters  of  an  inch  or  more  In 
the  Qtatre  of  each  coil  which,  in  some  machines,  is  filled  with 
aki. insulating  slip  or  core,  and  in  others  with  a  second  separata 
cnU  used  for  exciting  the  field  of  the  dynamo.  The  arma- 
tore  odHs  are  securely  bound  to  the  armature  core  by  German 
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lulwt  wire,  and  uce  oovared  with  inanUring  Btripg  of  miOL 
These  ocsls  are  either  oonneoted  all  in  HrioB  and  in  series  viUi 
theaztemaloirauilkasiBBhowninFig.  SSjintheoase  insmalkr 


Mzes  o(  high  potendal  machines,  or  tJiey  are  wound,  as  itown 
in  Hg.  89 ;  i.e.,  two  groups  in  multiple,  oonaiBting  of  ao  equal 
number  of  ooils  in  aeries.  B;  this  means  a  1,300  light 
temature  ia  wound  with  wire  ot  the  same  siie  aa  a  650  li^te^ 
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The  annature  coie,  in  these  machines,  is  built  up  as  usual  of 
thin  iron  sheets  perforated  with  apertures  through  the  centre, 
80  as  to  allow  a  circulation  of  air. 


Fig.  88.— OoxmectioDB  in  the  Thomson-Houston  Alternator. 


Fig.  89. — Connectiona  in  the  Thomson-Houston  Alternator. 


These  alternating  current  dynamos  are  made  in  three  types, 
as  follows : — 

(i.)  Self-excited, 
(ii.)  Separately-excited, 
(iii.)  Composite-wound. 

(i.)  Self-excited  Type. — In  this  class  of  dynamo,  which  has 
been  now  more  or  less  discarded  in  favour  of  the  third  men- 


254  DISTBIBDTION  OF  ELBOTBICAL  BNBROT  BT  TRAN8F0B1CEB8 

tioned,  the  field-exciting  ooih  are  coils  wound  about  the 
armature  in  a  manner  like  the  ordinary  Siemens'  winding,  and 
consist  of  but  a  very  few  turns  of  square  copper  wire.  These 
coils  are  arranged  as  shown  in  Fig.  90,  and  they  lie  beneath  the 
main  armature  coils  and  fill  the  spaces  on  the  surface  of  the 
iron  core  between  the  wires  of  the  flat  or  "pancake"  coils 
as  they  are  sometimes  called.  The  upper  sketch  in  Fig.  90 
shows  the  manner  in  which  these  coils  are  wound  over 
the  ends  of  the  core,  the  two  opposite  coils  being 
either  connected  in  series  or  in  multiple  arc,  and  their  ter- 
minals brought  out  to  a  commutator  on  the  shaft  outside 


Fia.  90. 

of  the  bearings  at  the  collector  end  of  the  dynamo. 
This  commutator  has  as  many  segments  as  there  are  poles  on 
the  dynamo,  and  the  two  terminals  of  the  field  exciting  circuits 
on  the  armature  are  connected  to  alternate  segments.  The 
exciting  current  is  controlled  by  a  rheostat  in  its  circuit 
mounted  upon  the  switch-board,  and  in  this  circuit  are  included 
the  coils  on  the  field  magnets.  This  design  may,  in  fact,  be 
described  as  an  alternate-current  armature  winding  on  the  top 
of  a  continuous  current  winding.  This  last  supplies  current 
for  the  field. 

(ii.)  Sepa/ratdy-excited  Type, — ^The  separately-excited  dynamo 
is  of  the  same  form  as  the  self -excited,  the  only  difference 
being  that  in  it  the  commutator  and  armature  exciting  ooila 
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are  absent.     It  is  used  with  an  exciting  dynamo^  such  as 
shown  in  Fig.  87. 

(iii.)  Composite -wound  Type. — The  term  ''composite"  as 
applied  to  the  third  type  of  the  alternating  current  dynamo  of 
the  Thomson-Houston  Electric  Company  was  adopted  to  distin- 
guish this  arrangement  of  field  excitation  from  that  employed 
in  direct  current  machines,  which  consists  in  the  combination, 
for  producing  the  magnetic  field,  of  the  main  armature  current 
with  a  derived  current  shunted  around  the  external  circuit, 
or  in  compound  winding.  The  arrangement  of  circuits  which 
is  used  in  the  most  improved  type  of  Thomson- Houston  alter- 
nator for  maintaining  a  constant  difference  of  potential  at  a 
defined  point  of  distribution,  regardless  of  load,  is  shown  in 
Figs.  88  and  89. 

A  part  of  the  magnetic  field  is  maintained  by  means  of 
current  from  a  separate  or  exciting  dynamo.  If  the  load  upon 
the  outside  circuit  is  increased  it  is  necessary  to  increase  the 
magnetism  of  the  field,  in  order  that  the  machine  may  in  turn 
supply  the  increased  demand  in  the  circuit,  and  the  lights 
remain  steady. 

This  is  accomplished  in  some  other  machmes  by  varying  the 
current  of  the  field  magnets  by  a  rheostat  or  variable  resistance 
operated  by  hand.  In  the  Thomson-Houston  dynamo,  however, 
the  same  result  is  obtained  entirely  automatically  by  passing 
the  greater  portion  of  the  main  current  through  two  or  more 
of  the  field  magnets,  thus  energising  the  machine  in  exact 
accordance  with  the  demands  made  upon  it.  As  an  alternating 
current  is  not  suitable  for  magnetising  the  fields  it  is  necessary 
to  change  the  character  of  the  current  produced  in  the  arma- 
ture to  a  direct  current  before  passing  it  through  the  special 
winding  on  the  field,  and  this  is  done  by  a  commutator  at  the 
end  of  the  shaft.  By  this  arrangement  the  attention  required 
at  the  dynamo  is  reduced  to  a  minimum,  while  at  the  same  time 
the  regulation  of  the  machine  is  perfected,  and  any  number 
of  lamps,  from  one  to  the  full  capacity,  may  be  thrown  on  or 
off  without  in  any  way  affecting  the  steadiness  and  brilliancy 
of  those  remaining. 

To  allow  for  a  pre-determined  percentage  of  loss  in  {he 
wiring,  it  is  necessary,  as  the  load  is  increased,  that  there 
should  be  a  definite  amount  of  increase  in  potential^  which  is 
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aooomplished  by  placing  around  the  field  winding  for  the  main 
current  a  resistance  which  shunts  that  portion  of  current  not 
required  for  regulation. 

This  winding  is  precisely  the  same  in  principle  as  the  com- 
pound winding  in  the  case  of  a  continuous  current  machine.  In 
addition  to  the  current  derived  from  a  small  direct  current 
separate  exciter,  a  second  current,  which  is  a  rectified  portion 
of  the  main  current,  is  used  to  energise  the  main  fields.  This 
current,  being  proportional  to  that  in  the  external  primary 
circuit,  increases  the  field  strength,  and  thus  the  potential, 
with  increasing  load. 

It  will  be  seen  from  the  diagrams  of  the  connections  that 
the  armature  current  is  "  rectified "  for  a  part  of  its  course 
by  means  of  a  commutator  having  as  many  segments  as  there 
are  field  poles  on  the  machine — alternate  segments  being 
connected  together,  and  one  set  connected  to  one  armature 
terminal,  and  the  other  to  the  external  circuit. 

This  rectified  current  is  either  used  to  excite  two  of  the 
polar  projections,  as  in  Fig.  89,  or  to  partially  excite  all  of  them, 
as  in  Fig.  88,  the  latter  method  being  the  most  approved. 
'  Before  each  machine  is  sent  out  from  the  factozy,  the 
strength  of  the  compounding  current  is  regulated  by  means  of 
a  Qerman  silver  shunt  fastened  to  the  frame  of  the  machine. 
By  changing  this  shunt  the  machines  may  be  made  self- 
regulating  for  any  required  line  resistance  or  drop,  being  over- 
compounded  to  whatever  degree  is  needed.  The  winding  may 
be  described  as  that  of  a  "  compounded  "  alternator  for  giving 
constant  potential  at  the  ends  of  a  line,  or  at  the  points  of 
supply  to  the  lamps. 

Hie  following  table  gives  the  sizes  and  capacities  of  the 
machines  of  this  type  thus  far  constructed,  with  the  exciting 
and  main  current  of  each  : — 


Alter- 

WatU. 

Lamp 
load  in 
16*c.p. 
lamps. 

Exciting  circnli 

Weight 

Speed. 

Floor 
apace 

Ontpat 
in 

nator. 

Voltfc 

Amp. 

(inches). 

amps. 

A    85 
A    70 

A  140 

85,000 

70,000 

140,000 

650 
1,800 
2,600 

100 
100 

•  •  • 

5-8 
11-2 

•  ■  • 

3,570 
8,270 

•  •  • 

1,500 

1,070 

680 

66x45 
84  X  56*5 
80  X 105 

85 

70 

140 

Each  machine  yields  current  at  1,000  or  2,000  volts  as  required. 
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For  the  purpose  of  energising  the  field  magnets  the  dynamos 
are  famished  with  small  ezoiting  dynamos  of  the  direct-current 
type.  It  has  been  found  desirable  in  some  special  cases  to  make 
the  smaller  sizes  of  alternating-current  dynamos  self-exciting, 
and  to  this  end  the  armatures  are  wound  with  the  extra  or 
special  coil  before-mentioned  for  furnishing  current  to  energise 
tiie  fields.  The  exciter  is  usually  placed,  as  shown  in  Fig.  87» 
behind  the  alternating  dynamo,  driven  by  a  belt  from  a  small 
puUey  attached  to  the  armature  shaft.  One  exciter  la  usually 
employed  with  each  alternating-current  dynamo,  but  when 
several  dynamos  are  operated  in  the  same  station  it  is  often 
found  more  convenient  to  employ  several  exciters,  any  one  of 
which  is  of  sufficient  capacity  for  all  the  machines.  By 
this  arrangement  an  accident  to  one  exciter  need  not  affect 
the  general  service. 

Exciting  dynamos  are  made  in  the  following  sizes :— 


Glial. 

Volta. 

Amperes. 

Speed. 

Weight. 

Falley 
IMam. 

Pulley 
Face. 

0 

100 

12 

2,800 

807' 

4 

2 

1 

100 

24 

2,200 

480 

6 

8 

2 

100 

40 

1,800 

696 

6 

4 

8 

100 

60 

1,600 

1,080 

8 

5 

4 

100 

80 

1,600 

1,364 

8 

6 

Floor  Space. 


24  xlSi 
29i  X 16| 
81i  X 18| 
87i  X  21} 
40   x23j 


The  current  required  for  exciting  the  fields  of  the  alternating- 
current  dynamos  is  as  follows : — 

A-35  Composite  Field,  5*8  amperes. 
A-70  Composite  Field,  11*2  amperes. 

Syitenu  of  Distrihuti<m — CompeMatcr  System, — This  system 
of  dLstributiou  for  incandescent  lighting  by  alternating  currents 
is  the  invention  of  Prof.  Elihu  Thomson,  and  was  introduced 
before  the  transformer  system  had  attained  much  oommerciaL 
expansion.  The  principle  of  the  system  is  shown  in  Fig.  9L 
An  alternating-current  generator  usually  wound  for  a  potential 
of  330  volts  delivers  its  current  to  the  ordinary  system  of 
Adeders  and  mains  such  as  is  employed  in  the  direct  two-wire 
system.  At  central  points  in  the  district  to  be  lighted  the 
compensators,    or  choking  coils,   are  located— usually  being 
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placed  upon  poIeB  at  street  interseotiona.  A  loss  up  to  10  per 
cent,  of  the  dynamo  potential,  aooording  to  conditions,  is  allowed 
between  the  station  and  the  lamps,  and  the  pressure  at  the 
compensators  is  thus  somewhat  more  than  800  volts. 

The  compensator  consists  of  a  laminated  core  of  iron  as  in  a 
transformer,  wound  with  a  continuous  insulated  conductor,  the 
terminals  of  which  are  connected  directly  to  the  dynamo  leads. 

At  three  points  in  this  coil,  dividing  the  coils  equally  between 
its  terminals,  wires  are  attached  leading  to  binding  posts  on 
the  compensator  frame.    The  terminals  of  the  coil  are  attached 


Via,  91. — Prof.  EUhn  Thornton's  "  Compensator  "  Bysiem  of  Incandescent 

Lighting. 

to  similar  binding  posts,  and  from  these  five  points  axe  run 
lamp  circuits,  which  may  be  two  three-wire  systems.  The  £bJ1 
of  potential  through  the  compensator  from  one  lead  to  the  other 
will  thus  be  divided  into  four  equal  parts,  and  the  voltage  in  each 
lamp  circuit  will  be,  therefore,  about  75  volts.  It  is  evident 
that  many  variations  may  be  made  in  this  arrangement ;  the 
coil  may  be  divided  into  any  number  of  equal  portions,  and 
from  them  the  circuits  may  be  run  on  the  3,  4,  5,  dbc,  wire- 
systems,  or  the  various  circuits  may  be  on  the  simple 
two-wire  system.  We  take,  for  explanation,  however,  this  330 
volt  two  3-wire  system,  as  it  was  the  one  most  used,  and  serves 
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;■«  well  as  aiqr  other  to  illuBtrate  the  prinoiple  of  the 
■arrangement. 

Considering  Fig.  92 : — Tlien  are,  at  nvtiimTim  load,  uy  8 
lamps  on  the  oompensator;  when  they  are  all  tamed  on,  a 
very  slight  current  traveraes  the  coiIb  of  tha  oompenBatoTB,  the 
«elf-indaation  of  its  ooilfl  of  wire  woaod  about  soft  iron  being 
BO  high  as  to  practioallj  prevent  an;  current  flow.  Consider 
now  that  all  the  lamps  on  one  of  the  three-wire  cironits  be 
■tinned  o£^  the  oonditiona  are  as  in  sketch  2,  Fig.  92. 

The  ourrent  traveTsing  the  part  of  the  ooil  "  A  "  acta  as  the 
primary  of  a  transformer,  the  secondary  being  the  part  "  B " ; 
-tranaftvmation  from  150  volts  in  the  primary  to  160  volts  in 
the  secondary  thus  takes  place,  and  one-half  the  current  in  the 


no.  92. — ThrDB-wira  Compensator  Sjstem, 

lamp  dreuits  is  due  to  the  dynamo  current,  and  one-half  to 
that  part  of  the  compensator  marked  "B."  The  part  "A" 
thus  needs  to  carry  only  sufficient  ourrent  for  one  lamp,  and 
the  regulating  capacity  of  the  oompeusator  is  seen  to  be  four 
times  the  carrying  capacity  of  its  wire.  If  the  lamps  be 
arranged  as  in  sketch  No.  3,  the  first  part  of  the  oompensafa^ 
marked  "  A"  will  cany  J—IJ  times  theourrent  requiredfOT 
one  lamp.  The  tatio  of  conversion  in  this  case  being  1 : 3,  the 
part  of  the  compensator  marked  "  B  "  will  supply  —  ■■  '6  timea 
the  current  for  one  lamp. 

In  this  way  the  action  of  the  compensator  for  any  arrange- 
ment of  load  may  be  readily  deduced.     In  few  words,  it  maj 
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Fio.  93,— Swjtchbowd  for  Thomwui-Hoiuton  ^wwfannor  Sjittm. 
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1>e  described  as  a  oombination  of  a  tranaformer  with  a  system 
of  direct  distribution. 

•The  chief  objection  to  this  system  is,  of  course,  that  it  brings 
the  high  potential  of  the  dynamo  to  the  house  wires. 

The  compensators  have  been  manufactured  in  two  sizes,  one 
icfr  75  and  the  other  for  150  lights.  These  figures,  howeveri 
do  not  denote  the  maximum  number  of  lamps  which  may  be 
operated  from  a  transformer,  but  merely  the  amount  for  which 
the  compensator  will  regulate,  i,e.,  the  maximum  allowable 
difference  in  the  number  of  lamps  connected  to  its  circuits. 

Transformer  Sytiem. — ^The  transformer  system  of  the  Thom- 
son-Houston Electric  Company  is,  like  all  other  such  successful 
systems,  a  constant  potential  one ;  the  pressure  employed  being 
usually  1,000  volts.  The  dynamos  are  constructed  to  give 
1,100,  so  that  10  per  cent,  may  be  allowed  for  loss  in  the 
primary  and  secondary  circuits.  As  before  stated,  the  dynamo 
is  usually  of  the  compound  or  *'  composite "  type,  the  fields 
being  excited  by  the  rectified  current  from  the  alternator  as 
well  as  by  that  from  a  small  direct  current  dynamo. 

In  other  respects  this  system  is  similar  to  other  transformer 
systems,  and  its  principle  needs  no  special  explanation.  Fig.  93 
shows  the  form  of  switch-board  employed.  The  various  instru- 
ments which  comprise  it  will  be  presently  described.  The 
dynamo  has  already  been  described.  The  standard  type  of 
alternator  is  the  separately-excited  drum  armature  altematori 
compounded  to  give  constant  pressure  for  a  drop  of  a  definite 
number  of  volts  in  the  primary  line  between  no  load  and  full 
load.  This  alternator  is  excellently  designed  in  all  its  partSi 
and  between  full  and  no  load  can  maintain  constant  potential 
at  the  end  of  its  primary  line. 

TransfomurB, — The  latest  form  of  transformer  manufactured 
by  the  Thomson-Houston  Electric  Company  is  shown  in  its 
box  in  perspective  in  Fig.  94.  The  coils  are  enclosed  in  a  cast- 
iron  box,  waterproof,  and  stout  enough  to  withstand  ordinarily 
rough  usage.  The  primary  wires  are  seen  coming  out  of  the 
transformer  at  the  top,  and  the  secondary  at  the  bottom,  each 
passing  through  waterproof  insulating  bushings. 

The  coils  are  in  some  cases  wound  directly  upon  the  corei^ 
ill  others  they  are  wound  on  wooden  formers,  which  are 
removed  when  the  coils  are  completed.    In  some  forms  the 
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BBCondaiy  winding  ia  laid  od  first  and  the  primary  over  it ;  ]xt 
other  formB  the  two  are  wound  side  hj  side.  In  either  case 
the  insulation  between  the  two  coils  is  very  carefully  made, 
OCMuistiag  of  mica,  paper,  and  shellac.  The  seoondaiy  ooil  is- 
wound  with  two  equal  oircoita,  which  may  be  either  oonnected 
in  series  to  give  101  volts  or  oonneoted  in  multiple  arc  to  giT& 
SS.  Fig.  96  shows  the  switch  davioe  by  which  these  coimeotioiUr 
are  made  and  the  fuse  wire  terminala  for  holding  the  aa&ibf 
cutout  for  the  secondary  circuit 


Fig.  94. — Thonuon-Hcnuton  Tranifonner. 

Taiious  derioes  have  been  invented  by  Prof.  Elihu  ThomsoD- 
for  preventing,  by  any  possible  chance,  the  connection  of  the 
ixrimaiy  high  potentieil  circuit  with  the  secondary.  In  1S85  be 
took  out  a  patent  for  a  "  Sheath  "  protective  device,  in  which  a 
copper  atrip  or  divided  plate  connected  to  the  earth  is  interpoaed* 
between  primary  and  secondary  windings.  Another  device  is 
to  ground  one  end  of  the  secondary  circuit,  as  described  in 
Froi  Thomson's  United  States  Patent  Specification,  No.  322,138, 
of  1885  j*  the  latest  arrangement,  however,  is  the  application 
of  the  film  cntK>ut  (described  further  on  in  connection  with 
the  series  socket)  to  automatically  ground  the  secondary  circuit 
in  OBse  ^e  high  potential  reaches  it 

*  Set  lettw  in  EUctrieal  Revit^e,  Sept.  26,  1B85,  by  J.  A.  Fleming,  ind 
SHbaequent  corrMpoadwioe, 
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The  objection  to  the  film  device  is  that  it  is  apt  to  be  broken 
down  in  case  of  a  lightning  discharge  reaching  the  line  before 


ft  hmp 


ftUmp 


Fio.  05. — Connections  on  ThomBon-Houston  Timnsfonner. 

the  lightning  arresters  have  a  chance  to  operate.    On  under- 
ground circuits  the  film  device  can  be  used  without  any  such 


*  A  raoent  practice  of  the  Thomaon-HouBton  Company  in  the  imtallatlon 
of  transformen  ib  to  endoae  them  in  a  box  filled  with  a  highly  insulating 
oil,  which  permeates  the  insulation  of  the  coils,  keeps  out  moisture  from 
the  same^  and  renders  it  neoessaiy  that  a  veiy  oonsiderable  difference  of 
potential  should  exist  between  the  primary  and  seoondaiy  coils  in  order 
that  a  discharge  from  one  to  the  other  may  take  place.  Such  coils  an 
very  much  more  secure  from  breakdowns  due  to  lightning  than  oofls 
mounted  in  the  ordinary  manner.  At  the  same  time,  the  insulathig 
materials  used  to  insulate  the  coils  from  each  other  and  from  the  iron  com 
may  he  of  very  much  less  ezpenitve  character  and  require  less  labour  to 
put  it  on.  The  United  States  patent  for  this  method  of  mounting  the 
tnnsformers  in  oil  was  filed  May  27th,  1887,  and  issued  May  27th,  1880^ 
as  Patent  428,648.  It  is  interesting  to  note  that  the  more  recent  pro 
posals  of  using  high  potential  transformers  for  power  transmission  to 
Europe  involye  this  feature  of  oil  insulation. 
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E^.  96,  97,  98,  99,  100  show  the  Tarious  forms  of  oorm 
which  h»ve  been  used  ia  these  tnuufonneTS.  Ftga.  96  and  97 
^w  a  type  in  whioh  the  coils  ve  wound  about  two  oorea  of 


ibniliiT  shape,  placed  back  to  back,  and  eaeh  bnilt  up  of 

Craped   laminie.      Laroinatod  plugs    are  driven    into    the 

openings  over   the    oolla,    and   the    whole  eecurely   fastened 
together  vith  bolts. 


Fig.  99  shows  another  fonn  of  core  in  which  the  coils  an 
vonnd  on  formers  and  then  driven  over  a  tongue  piojeoting 
from  a  core  built  of  "  £  "'shaped  lamina.    Laminated  plugs  are 
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driven  into  the  openings  over  the  ooUb.  This  is  the  type  of 
core  employed  in  the  type  "  E  "  transformer  shown  in  its  box 
in  Fig.  100. 

Fig.  100  shows  the  latest  form  of  oore.  A  plug  of  laminated 
faon  is  placed  in  the  centre  of  a  transformer  coil,  and  sheets  of 
lion  oat  in  the  form  of  a  hollow  rectangle  are  placed  about  the 
coil.  These  squares  fit  the  plug  very  closely,  and  render  the 
magnetic  contact  very  perfect.  No  insulating  sheets  are  used 
between  the  laminse  of  the  transformer  cores,  the  oxide  of  iron 
formed  on  the  sheets  during  the  annealing  process  being  con- 
sidered to  be  sufficient  insulation  for  eddy  currents.* 


O 


a> 


Fio.  101.— Gonatant-Current  Thomson-Houtton  Transformer. 

» 

A  novel  device  due  to  Prof.  Thomson  is  employed  in  the 
transformers  for  maintaining  the  induction  of  the  cores  in  the 
plane  of  the  laminsB ;  zinc  sheets,  equal  in  thickness  to  two  or 
three  laminae  are  introduced  in  the  core  at  intervals  of  ^Yt 
sheets  of  iron.  The  magnetic  resistance  of  these  sheets  prevents 
any  distortion  of  the  lines  of  induction,  and  serves  materially 
to  increase  the  efficiency  of  the  apparatus.  These  sheets  are 
shown  by  the  heavy  lines  in  Fig.  97  of  the  transformer.  The 
primary  and  secondary  fuses  are  contained  in  the  ends  of  the 
iron  cases,  access  being  obtained  by  lids  which  can  be  screwed 
down.  The  primary  fuses  are  mounted  on  porcelain,  and  the 
secondary  also  on  porcelain  bases.    It  is  remarkable  to  note  how 

*  In  more  recent  practice  veiy  little  aoale  is  allowed  to  exist  on  the  iroOi 
as  its  presence  in  any  amount  giives  rise  to  increased  hysteresis. 
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short  these  priniBiy  fusei  are.  The  poasibQity  of  using  suoh 
Bhtnrt  fuse  wires  is  dependent  on  the  use  of  a  dynamo  ot  ooa 
Biderable  eelf-indnotion.* 

Conitant-Cvrraii  Traiufarmer. — Figs.  101  and  102  show  two- 
forms  of  transformer  adapted  for  transforming  &om  a  oonstant 
potential  primary  current  to  a  seoondary  current  of  oonBtant 
strength,  the  potential  of  the  seoondary  vaiying  with  the 
number  of  lamps  in  circuit. 


Fia.  102. — ConaUnt-Onmot  ThonuoD'Honatoo  TniufomMr. 
Fig.  101  shows  a  type  in  which  the  coils  are  wound  about 
oppoeite  ends  of  a  peculiarly-shaped  soft  iron  laminated  core. 
This  core  is  designed  so  that  the  magnetism  induced  by  the 
primary  is  partially  carried  through  that  part  of  the  core 
enclosed  by  the  secondaiy  circuit,  and  portly  through  the  air- 
space "  A."  The  transformer  core  is  properly  formed  and  pro- 
portioned, so  that  any  decrease  in  the  number  of  lamps  on  the 

*  In  more  recent  practica  >  ipecul  amngement  of  foM  ii  emplofed, 
whidi  prerenta  KTciiig. 
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seoondaiy  circuit  l^  decreasing  the  seoondaiy  oirouit  roBistuice 
tacreases  the  reaction  of  the  same  on  the  primaiy,  and  causes  a 
greater  leakage  of  magnetism  across  the  lur  space  "  A."  This 
outs  down  the  induction  in  the  seoondai;  and  incresses  the 
self-induction  of  the  primary,  thus  proportionally  decreasiitg 
its  current. 

Fig.  102  ahowH  an  ingenious  device  invented  by  Prof.  Thomson, 
for  maintaining  a  constant  seoond&ry  current,  it  is  upon  the 
same  principle  as  the  arrangement  often  used  in  laboratory 
experiments,  consisting  of  a  secondary  coil  balanced  on  a  scale 
arm  over  a  primaiy  ooil,  the  secoi^ry  being  connected  in 
series  vith  an  incandescent  lamp.  When  an  alternating 
current  is  sent  through  the  induction  coil  the  lamp  coil  is 
repelled,  and  ad  j  ust«  its  own  height  above  the  primary  induoti<m 


Via.  103.— B«Ui>ced  Beactive  CoiL 

ooH,  in  accordance  with  the  induction  in  iteelf.aDd  maintuns  the 
current  in  itself  constant  even  for  varying  primary  current  by 
its  changing  distance. 

The  secondary  coil  of  the  transformer  in  question  is  movabls 
on  the  core,  and  is  supported  by  a  rod  from  a  lever  bearing  an 
adjustable  counter-balance.  At  full  load  the  counter-balance  is 
so  placed  as  to  allow  the  secondary  to  lie  close  to  the  primary. 
If  the  secondary  resistance  be  decreased  its  current  increases 
momentarily  enough  to  cause  the  secondary  coil  to  be  repelled 
from  the  primary  and  to  assume  some  position  above  the  latter 
at  which  point  its  reaction  is  the  same  as  before,  and  its  current 
•gain  becomes  normaL 

A  third  device  iised  for  the  same  purpose  as  the  above,  but 
of  a  diflerent  nature^  is  shown  in  Fig.  103.    A  reactive  coil,  as 
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Is  ehown  in  Fig.  104,  and  explained  under  the  head  of  regulat- 
ing deyices,  is  connected  in  the  circuit  of  lamps  in  series  on  a 
oonstant  potential  system.  Its  sheath  is  counter-balanced  by 
the  weight  P,  and  the  weak  spring  S  holds  the  sheath  over  the 
coil  under  normal  load.  On  the  extinction  of  a  lamp  in  the 
circuit  the  reaction  of  the  sheath  on  the  coil  increases  and  the 
sheath  is  repelled,  thus  increasing  the  self-induction  of  the  coil 
and  reducing  the  lamp  current  to  its  proper  amount. 

Regvlating  Devices, — Reactive  Coil  or  Dimmer. — ^This  is  a 
deyice  used  in  alternating  current  work  to  serve  the  same  ends 
as  rheostats  in  direct  current  plants.  They  are  used  in  central 
stations  for  adjusting  the  potential  of  the  feeders,  and  in 
theatres  for  controlling  the  candle  power  of  the  lamps. 


Fto.  104. — ^Reactive  Coil  or  Dimmer. 

They  are,  in  principle,  choking  coils  in  which  the  winding  is 
wound  about  a  laminated  soft  iron  ring,  and  in  which  a  heavy 
envelope  of  copper  adjusts,  by  its  position  as  regards  the  coil, 
the  self-induction  exerted  by  it. 

Fig.  104  shows  the  general  form  of  the  reactive  coil.  A 
winding  of  well-insulated  copper  wire  of  comparatively  few 
turns  surround  one  part  (about  one-eighth  of  the  circumference) 
of  a  laminated  iron  ring.  Inside  the  ring  is  a  laminated  iron 
drum,  supported  in  bearings  and  fitting  the  inside  of  the  ring 
not  very  closely.  A  copper  sheath  is  fastened  to  this  drum, 
and  is  rotated  about  with  it.  When  the  sheath  is  over  the 
coil,  its  width  is  just  sufficient  to  completely  cover  the  coiL 
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This  sheath,  mounted  upon  the  drum,  forms  a  closed  coil  of 
very  large  section,  around  the  ring,  and  fits  closely,  leaving  but 
ft  small  clearance  space. 

The  action  of  the  dimmer  will  be  evident  from  what  has  been 
said  of  its  construction.  When  the  sheath  is  over  the  coil,  the 
latter  is  in  the  same  condition  as  the  primary  of  a  short-circuited 
transformer,  and  offers  but  slight  impedance  to  the  flow  of 
current.  In  some  dimmers  the  coil  is  short-circuited  when 
the  sheath  is  in  this  position.  When  the  sheath  is  rotated 
away  from  the  coil  its  reactive  effect  is  diminished,  and  the 
impedance  of  the  coil  is  increased  ;  when  it  is  in  its  furthest 
position  from  the  coil  the  magnetic  field  of  the  latter  is  closed 
through  the  drum-shaped  core  and  its  impedance  is  very  great. 

This  same  device,  of  a  movable  secondary  of  one  turn  of 
heavy  metal,  has  been  used  as  a  transformer  for  electric  weld- 
ing work.  In  this  case  the  sheath  is  not  itself  a  closed  circuit, 
the  terminals  being  connected  to  the  pieces  to  be  welded. 

The  principle  which  underlies  this  regulating  apparatus  is 
simply  that  the  presence  of  a  closed  secondary  circuit  over  the 
primary  coil  greatly  reduces  the  impedance  of  the  primary  circuit 
in  question.  When  the  sheath  is  directly  over  the  primary  it 
is  traversed  by  very  heavy  induced  currents,  and  hence  there 
Ib  a  certain  waste  of  energy  in  employing  such  an  apparatus ; 
but  it  has  great  advantages  over  a  simple  graded  choking  coil. 
In  that  the  impedance  can  be  varied  continuously  and  without 
breaking  circuit. 

§  26*  Station  Appliances  in  the  Thomson-Houston  System. 
— Earth  Detector, — Every  switch-board  is  provided  with  an 
earth-detector,  by  means  of  which  an  '*  earth  "  or  '*  ground " 
may  be  detected  if  existing  on  the  primary  mains.  This  appa- 
ratus is  shown  in  Fig.  105.  It  consists  of  a  small  transformer, 
mounted  on  a  board  with  a  lamp  on  its  secondary  circuit  and 
with  a  two-way  switch.  One  end  of  the  primary  wire  of  this 
small  transformer  is  permanently  connected  "  to  earth,"  and  the 
other  primary  terminal  can  be  connected  by  the  switch  to  one  or 
other  of  the  two  primary  mains  at  pleasure.  If  an  earth  exists 
on  one  side  of  the  main  primary  circuit,  then  when  the  testing 
transformer  has  its  ungrounded  pole  put  to  the  other  main, 
the    lamp  in   its    secondary   circuit    will    light  up,  because 
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ournnt  finds  its  way  through  to  earth  in  flowing  through  the 
primary  coil  of  ^e  testdng  tranBformer.  The  lighting  of  tha 
lamp  when  the  switch  has  one  poBition  or  the  other  not  onlj 
indicates  a  "  ground,"  but  ehows  which  primaiy  nuun  it  is  on, 
proTided  that  the  fault  is  of  sufficient  magnitude  to  let  out 
prinuuy  current  enough  to  operate  the  lamp  oa  the  secondair 
of  the  testing  transformer. 


Fiu.  105.— Qrouiid  DsMctar. 

Station  Traiuformtrt. — On  the  switchboard  is  also  mounted 
a  transformer,  which  provides  current  for  lamps  to  light  the 
switchboard,  and  also,  by  connection  with  a  voltmeter,  enables 
the  primary  pressure  in  the  station  to  be  measured. 

Lightning  Arrettert. — All  OTerhead  primary  circuits  are  pro- 
vided with  lightning  arresters,  both  at  the  station  end  of  the  line 
and  at  the  transformers.  The  prindple  of  these  instruments,  of 
which  the  station  lightning  arrester  is  shown  in  perspective  in 
Fig.  106,  is  the  same  as  that  of  the  well-kuown  Thomson-Houston 
lightning  arrester  which  has  been  so  long  and  suocessf  ullyused  in 
oonueotion  with  the  arc-light  system  of  the  Thomson-Houstmi 
Company.  This  arc-circuit  lightning  arrester  is  shown  in 
Fig.  107,  and  consists  of  an  electro-magnet,  the  coils  of  which 
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■re  In  aeries  with  the  arc-light  circuit.  In  between  the  poles 
of  this  magnet,  but  well  insulated  from  them,  are  a  pair  of 
oturred  metallic  boms.*  One  of  these  bomb  is  in  couneotioD 
with  the  line  and  the  other  in  coimeotion  with  the  earth.  If 
ft  lightning  diacharge  strikes  or,  as  ia  more  often  the  case, 
mductlTely  acta  on  the  line,  the  inductance  of  the  electro- 
magnet blocks  the  path  of  the  diachai^e,  and  it  leaps 
MTOBB  the  aii-space  between  the  horns  and  goes  to  earth.     In 


Fio,  106.— Station  Lightning  ArrMtor. 

doing  this,  an  aro  would  start  between  the  horns,  were  it  not 
for  the  fact  that  a  strong  magnetic  field  b  produced  bj  the 
electromagnet  in  this  air-space,  tbe  lines  of  force  of  which 

*  For  tbe  UM  of  thia  block  (Fig.  107)  tha  writer  ii  indebted  to  H«an, 

Li^ng,  Wharton,  nad  Down,  and  he  t»kai  the  opportunityat  tJieumetuiM 
of  acknowledging  the  kindaeu  of  Mr.  J.  W.  Kirkland,  ol  the  Thonuon 
HouitoQ  ElectHc  Light  Compaiij,  in  the  United  Statea,  in  furoiahinft  b; 
pennudoD  of  Prof.  Elihu  ThamH>n,Bketohea  aad  detailed  information  on  bhe 
Thonuon-Hotutoa  tyBCem,  which  hu  rendered  it  pouible  to  make  the  abon 
dMcriptiona  much  more  complete  than  they  would  otherwiw  have  been. 
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arepefpendiculartothflpathofthediaeharge.  The  arc  is,  there- 
fine,  pnahed  forward  along  the  cmred  honu,  and  Bnall;  blown 
out  or  ^:tiDgniahed.  This  highly  ingeniouB  apparatus  standB 
guard  OTer  the  arc-light  dynamo ;  and,  by  placing  one  on  each 
md  of  the  an  line,  the  dynamo  and  switchboard  is  effectually 
protected  from  discharge  due  to  lightning.  Quite  the  same 
principle  is  applied  in  the  station  and  transformer  lightning 
guards  shown  in  FigB.  106  and  106.  The  oonnectiona  of  tbe 
tnnsfannflr  guard  are  shown  in  Fig.  108.  The  two  primai; 
wivn  prooeeding  to  a  traDsformer  enter  the  lightning  protector 


no.  107. — TbomsoD-HmutoD  Arc-Lina  LightniDit  Prot«olor. 

at  the  terminals  a  b,  and  are  connected  with  the  transformer 
through  the  pipe  c  To  each  of  the  terminals  a  and  b  is  eoa- 
ueot«d  one  end  of  the  coil  of  an  electro-magnet  d,  the  other 
eod  of  which  is  attached  to  a  terminal  placed  near  to  a  metal 
plate  oonnected  to  earth.  If  a  lightning  discharge  afieota  the 
line  it  could  cause  an  arc  to  start  between  the  earth  plate  and 
each  of  the  terminals  of  the  electro-magnet  coils  near  it  Theoe 
magnets  are,  however,  bo  arranged  that  the  magnetic  field 
created  by  the  current  then  started  through  them  will  blow 
oat  the  arc  and  stop  the  disoharge.  All  transformers  which  are 
fed  from  overhead  primary  lines  are  protected  in  this  manner. 
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Dist&ribuUan  8y9iem.—k  very  large  portion  of  the  trans- 
former lighting  of  the  Thomson-Houston  Company  in  the 
United  States  is  earned  on  by  means  of  overhead  or  a^al 
primary  lines.    The  usual  working  pressure  on  the  primary 


Transformer 
Fig.  108. — ConnectioiiB  of  Traiuf onii«r  Tilghtning  Airater. 

drouito  is  1,000  volts.  In  setting  out  these  lines  several 
main  primary  lines  are  run  to  iron  feeder  boxes  {ue  Fig.  109), 
and  from  these  boxes  distribution  primary  lines  are  run  to 
groups  of  transformers.    Fuse  wires  or  cut-outs  are  inserted  in 
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the  feeder  boxw.  The  transformen  are  placed  in  the  buildings 
or  are  attaohed  to  the  external  walls  of  buildings,  and  these 
tranafonners  are  enclosed  in  oast-iron  boxes  which  have  weathe:^ 
tight  lids  at  both  ends  oovering  receptacles  in  which  are  placed 
the  primaiy  and  seoondaiy  fuse  wires  of  the  transformers.  The 
oeoondaiy  fuse  wires  are  generally  mounted  on  a  porcelain 
base  and  the  primal^  ones  aba  A  speoiitl  switch  permits 
the  tranafoimer  to  be  cat  out  of  circuit  whilst  changing  the 
fusea. 


Fm.  109.— Feeder  Box. 

A  general  plan  of  an  installation  of  alternating  current 
appamtus  is  shown  in  Fig.  110.  Starting  from  the  station  the 
wiring  is  as  follows  : — 

The  primary  lines,  protected  by  station  lightning  aJresters,  are 
run  from  the  dynamo  to  the  centres  of  distribution  where  feeder 
boxes  containing  the  necessary  safety  fuses  are  interposed,  and 
bom  whioh  run  the  mains  for  the  supply  of  the  transformers 
and  lamps. 

Before  the  current  for  any  group  of  lamps  is  t^iken  to  the 
transformer,  it  passes  through  a  junction  box,  from  which  the 
linos  lead  directly  to  the  primary  connections  of  the  trans- 
former. To  the  secondaries  of  the  transformers,  the  wires  for 
the  direct  supply  of  the  lamps  are  attached.   Before  the  current 

t2 
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reaohea  the  lampe  it  paasaa  a  double  pole  ont-ont  box  provided 
with  a^ety  fuses  and  the  automatio  proteotiTe  devioe. 

In  ereiy  installation  of  alternating  current  apparatus,  um  !■ 
made  of  transformer  lighttuug  arreatera,  oonnect«d  as  shown  in 
the  diagram.  Each  feeder  box  has  a  sliding  glaaa  oover,  wbiok 
oan  be  easily  removod  to  replace  or  ahauge  fuses,  and  permita 
of  E  ready  examination  of  the  interior.  The  ooimeotions  are 
■o  airanged  that  the  box  may  be  out  completely  out  of  dronift 
during  such  changes. 


Fio.  111.— Thoipmn  ProtactiTC  Deriob 

The  Thomson-Houston  Electrio  Company,  in  all  inatalladona 
of  alternating  current  apparatus  for  incandescent  lightinf^ 
omplojrs  the  Thomson  Protective  Device  (shown  in  Fig.  111). 
It  is  a  simple  but  effective  appliance  fbr  removing  the  posat 
bility  of  accident  which  might  arise  from  contact  of  personi 
with  the  secondary  circuit  It  is  also  a  preventive  of  Area  bj 
leaky  secondarieo. 

There  are  three  conditions  which  must  be  simultaneously 
oatisfied  before  this  possibility  oan  be  said  to  exist. 

1.  There  must  be  a  ground  on  the  primary  wires. 

2.  There  must  be  a  contact  between  the  primary  and 
eeoondaiy  coil  in  the  transformer. 
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'   3.  The  person  must  be  in  contact  with  the  secondary  and 

with  the  earth  at  the  same  time. 

-^  The  fulfilment  of  the  first  of  the  above  conditions  is  of  not 

uncommon  occurrence,  and  the  presence  of  a  ground  can  be 

easily  detected,  and  means  can  be  at  once  taken  to  remedy 

the  trouble. 

-  The  second  condition  is  met  with  seldom,  but  is  only  liable 

to  occur  when  transformers  are  injured  or  subjected  to  rough 

usage  in  shipment,  or  by  the  effects  of  lightning. 

The  remoteness  of  liability  to  accident  is  quite  apparent 
when  it  is  remembered  that  these  conditions  must  be  simulta- 
neously satisfied,  and  even  then  the  extent  of  the  injury 
depends  upon  the  relative  position  of  the  contacts  with  refer- 
ence to  the  two  primaries. 

As  the  fulfilment  of  the  above  conditions  is,  of  course,  not 
beyond  the  range  of  possibility,  the  device  herewith  described 
has  been  designed  to  prevent  any  injury  resulting  from  a  con- 
tact with  the  secondary  wires  when  these  requirements  are  ful- 
filled. It  consists  of  three  base  terminals,  to  the  central  one  of 
which  is  rigidly  attached  a  flat  brass  spring  pressing  against 
the  two  outside  terminals,  but  normally  held  out  of  contact 
with  them  by  slips  of  Thomson  paper  film.  ThiS'  paper  film  is 
very  carefully  prepared  so  that  it  readily  withstands  the  pres- 
sure of  the  spring,  but  is  instantly  ruptured  when  the  first  and 
second '  c^nditions»  mentioned  above,  are  satisfied.  To  the 
central  terminal  is  attached,  by  means  of  a  binding  screw,  a 
wire  connected  with  the. earth.  To  the  outside  terminals  the 
secondaries  are  led  directly  from  the  transformer.  The  paper 
£lm  is  perfectly  insulating  for  the  pressvure  of  the  secondary 
^current,  but  if  the  difierence  of  potential  between  the  earthy 
.with  which  the  brass  spring  is  in  contact,  and  either  one  of 
.the  terminals,  to  which  the  secondaries  are  attached,  should 
jise  beyond  the  normal  pressure,  the  paper  film  is  at  once 
punctured.  This  results  in  short-circuiting  the  secondary, 
which  causes  the  primary  fuse  to  blow,  thereby  cutting  out  the 
entire  circuit. 

§  26.  Station  Measuring  Instruments. — ^In  connection  witii 
the  Thomson-Houston  transformer  .system  there  are  some  very 
ingenious  measuring  instruments  specially  devised  for  alter- 
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Dating  oturents.  There  is,  for  example,  an  amperemeter  and 
vtdtmeter  (ite  Figs.  112  and  113)  which  act  on  the  same  prin- 
dple.  A  light  brass  arm,  swinging  on  almost  friotiooleaB 
Vearings,  mores  in  a  vertical  plane,  and  oarries  at  its  extremi^ 
a  small  horse-Bhoe,  or  U-shaped  piece,  of  soft  iron.  A  flat 
oinmlar  bobbin  of  wire,  wound  on  a  split  brass  spool, 
it  fixed  with  its  plane  vertioal,  but  centred  eooentrically 
situated  with  respeot  to  the  pivot  of  the  needle.  The 
U-shaped  piece  of  soft  iron  embraoee  the  coil,  and  its 
motion  round  the  pivot  is  constrained  to  be  simply  a  move- 


ment nearer  to  or  further  honx  the  inside  surface  of  this  cir- 
cular ooil.  When  a  current  passes  through  the  coil  of  wire  it 
oreates  a  non-uniform  magnetic  field  in  the  interior  of  the  coil 
which  is  stronger  near  the  ioaids  sorfaoe  of  the  ooil  than  it  ii 
at  points  nearer  the  centre  of  the  coil.  The  soft  iron  tends  to 
move  from  places  of  weaker  to  places  of  stronger  field,  and  in 
so  doing  moves  the  arm  to  which  it  is  attached  round  its  pivot, 
and  displaces  the  index  arm.  This  arm  carries  a  counter 
balanoe  so  fixed  that  the  magnetio  force  on  the  iron  is  opposed 
by  a  foroe  dno  to  gravity,  and  the  position  which  the  needle 
takes  up  under  the  influence  of  these  opposing  forces  is  one 
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which  is  dependent  on  the  strength  of  the  field  in  the  intenor 
of  the  coil,  and  therefore  of  the  strength  of  the  eurpoi*  m 
the  coils.  The  force  on  the  iron  due  to  the  current  in  tha 
coils  is  one  which  depends  partly  on  the  strength  of  the  field 
at  the  spot  where  the  iron  is  and  partly  on  the  rate  of  ▼aieiik 
tion  of  this  field  from  point  to  point  in  the  circular  i^aoB. 
If  the  spool  is  wound  with  coarse  wire  the  instrument  maj  bt 
graduated  arbitrarily,  and  by  comparison  with  a  standaid  as 
an  amperemeter.  If  the  coil  is  wound  with  fine  wire,  and  has 
a  German-silver  resistance  coil  in  series  with  it,  then  the  in- 
strument may  be  graduated  as  a  voltmeter.  In  the  station 
mack  a  voltiDetar  is  woi^ed  off  the  secondary  of  a  small  re- 
ducing transformer,  which  takes  current  from  the  mains,  and 
serves  to  measure  the  primary  pressure.  These  instnunents, 
of  course,  require  to  be  graduated  by  comparison  with  an 
electro-dynamometer  for  the  particular  periodicity  for  which 
they  are  to  be  used. 

§  27.  Street  Lighting  by  Incandescent  Lamps. — In  addition 
to  the  incandescent  lighting  by  single  and  grouped  transformers, 
the  Thomson-Houston  Company  have  elaborated  a  very  good 
•ystem  of  street  lighting  by  incandescent  lamps  which  meets 
the  demand  for  such  public  lighting  over  considerable  disttiots 
fai  which  it  would  not  pay  to  put  down  transformers  and  work 
the  incandescent  lamps  in  parallel  off  the  secondaries.  This 
system  of  street  lighting  consists  in  running  sets  of  incan- 
descent lamps  in  series  off  the  primary  mains  of  the  trans 
former  circuits.  A  series  circuit  starts  (see  Fig.  114)  from  a 
point  on  one  primary  of  the  transformer  circuit  somewhere 
in  the  station,  and  carries  a  series  of  incandescent  lamps. 
This  line  terminates  somewhere  or  other  on  the  other  main 
primary,  and  as  many  of  these  series  lines  are  run  as  may 
^  necessary  to  fill  up  the  district  to  be  lit.  The  lamps 
used  for  this  street  system  require  a  current  of  3*5  amperes, 
and  are  of  20,  25,  and  40  candle-power.  The  25  candle-power 
lamp  is  largely  used  for  street  lighting.  The  socicet  used  with 
the  lamp  is  provided  with  a  spring  cutrout,  similar  to  the 
Thomson  Protective  Device,  the  function  of  which  is  to  keep 
the  circuit  closed  in  the  event  of  the  breakage  of  a  lamp.  The 
film  is  capable  of  standing  the  25  volts  required  to  work  the 
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Fia.  114.— Street  Lighting  by  IncandeBoent  Lamps.  Diagnm  Na  1,  showliig  Street 
Lamp  CircuitB  of  40  26  candle-power  25  volt  Lamps,  or  50  20  candle-power 
20  volt  Lamps. 
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lamp,  but  in  the  event  of  the  lamp  breakmg  the  full  piesaure 
of  1,000  volts  is  thrown  on  the  filnii  immediately  breaking  it 
through,  and  thereby  short-cirouiting  that  socket.    This  device 
proves  itself  in  practice  to  be  quick  and  efficient.  In  order  to  keep 
the  current  constant  for  each  series  line  a  current  indicator 
is  placed  on  each  line  in  the  station,  and  a  switch  by  means  of 
which  one  to  five  relief  lamps  may  be  thrown  into  the  circuit. 
As  long  as  the  proper  number  (viz.,  40)  of  lamps  are  burning 
on  each  series  line  the  current  indicator  shows  a  current  of  3*5 
amperes,  but  if  one  lamp  breaks  or  is  extinguished  the  resistance 
of  the  circuit  falls  at  once  and  the  current  rises.    This  is  shown 
by  the  current  indicator,  and  the  attendant  then  switches  on 
one  or  more  relief  lamps  to  restore  the  current  to  its  proper 
value.     When  the  broken  lamp  is  replaced  by  the  patrol  the 
current  again  falls,  and  the  relief  lamp  in  the  station  is  switched 
off.     This  series  system  may  be  worked  by  means  of  a  constant 
potential  alternator  and  primary  lines  merely  for  street  light- 
ing alone,  but  it  is  more  frequently  used  in  conjunction  with 
transformer  lighting.     In  this  last  case  the  constant  potential 
primary  lines  are  laid  about    in    a  district,  and  from  these 
primaries  are  taken  off  not  only  the  distributing  conductors 
to  supply  the  house  transformers,  but  also  the  series  lines  for 
the  street  incandescents.     The  arrangement  of  circuits  is  then 
that  shown  in  Fig.  115.     Instead  of  employing  the  system  of 
relief  lamps  and  current  indicator  on  a  bank  board,  another 
device  is  employed    sometimes,   which   consists   in  using    a 
double  socket  and  double  lamps  at  each  spot.     One  of  these 
lamps  only  is  in  the  circuit  at  one  time ;  the  circuit  of  the  other 
is  a  branch  in  which  is  a  film  cut-out  in  series  with  the  lamp.     If 
its  mate  breaks,  then  the  second  lamp  is  automatically  thrown 
into  the  circuit,  and  keeps  a  light  aJive  at  that  place.    There  is  in 
this  case  a  relief  lamp  to  every  lamp,  instead  of  merely  five  relief 
lamps  in  the  station.     In  either  case  a  system  of  transformer 
lighting  for  houses  is  combined  with  the  street  lighting,  and  the 
incandescent  street  lighting  is  specially  applicable  in  the  case  of 
scattered  villages  and  small  towns  or  suburbs,  where  arc  light- 
ing would  be  impracticable.     In  connection  with  this  system  of 
street  incandescent  lighting,  light  trussed  poles  of  itcfn  are 
generally  used,  which  carry  the  overhead  series  line  and  also  the 
brackets  for  the  street  lamps  (see  Fig.  1 1 6).   This  system  of  street 
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Fto.  XI&, — Street  lighting  by  Incandescent  Lampe.  Diagram  No.  2,  showing  Stnel 
Lamp  Circuite  as  arranged  in  connection  with  House-to-House  Lighting 
with  Tranafonneni. 
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lighting  ia  bdng  oonsdenbly  ezteoded.  In  U&lden,  JCus.,  % 
■uburb  ot  Boston,  U.S.A.,  ft  city  of  20,000  inhabitants,  itreet 
gas  lamps  have  been  entirely  leplaoed  by  about  800  26  candle- 
power  inoondeeoent  lamps  on  this  system.  The  same  system 
is  in  use  at  Newton  (700  lamps)  and  Watertown,  Mass. ;  West 


no.  116. — Ugtit  totUMd  Pole  for  InBtndweant  Street  U^tin^ 
Point,  Ta. ;  Melbonme,  Anstralia  ;  Osaka,  Japan  ;  and  many 
other  placet. 

g  28.  Thonuot-Hmiiton  Oompuy's  Oentral  Statfanu.  Balem 
Station.  One  of  the  most  complete  of  the  Centisl  Electric 
Supply  stations  erected  and  equipped  by  the  Thomaon-Hom- 
ton  Company  is  that  at  Salem,  Mass.,  U.S.A.  Eleotrio 
lighting  began  at  Salem  in  1881,  by  the  erection  of  a  veiy 
small  aio-Ught  plant,  and  has  been  sevatd  times  remodelled 
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and  extended.  Quite  recently  an  unusuallj  fine  station  for  an 
output  of  1,700  horse-power  has  heen  erected  at  Salem,  and 
although  arc  lighting  forms  the  hulk  of  the  work  done,  yet 
as  there  is  associated  with  it  alternate-current  machinery  for 
Incandescent  lighting,  it  may  properly  be  described  here.  In 
1888  a  site  for  the  new  station  was  selected  dose  to 
water,  and  the  erection  of  the  station  begun.  The  service 
of  lighting  was  begun  in  September,  1888.  At  the  be- 
ginning of  1890  the  current  was  beuig  supplied  for  120 
private  arc  lamps,  180  city  arc  lamps,  53  incandescent  street 
lamps  (series  system)  of  65  candle-power,  44  of  32  candle- 
power,  and  2,000  of  20  candle-power.  The  arc-light  dynamos 
are  in  number  11,  of  30  lights  each;  the  incandescent  2,  of 
400  lights  each;  2  of  650  lights  each,  and  1  of  1,300  lights,  and 
also  current  is  supplied  for  50  horse-power  in  motors.  The 
details  of  the  construction  of  the  Peabody-street  plant  are  as 
follows : — ^The  station  was  designed  by  Mr.  Henry  G.  Patterson, 
chief  engineer  of  the  Thomson-Houston  Electric  Company. 
In  the  construction  of  this  station  it  was  found  necessary  to 
drive  about  one  thousand  piles  of  oak  and  spruce.  The 
piles  are  held  firmly  together  by  an  immense  bed  of  concrete 
made  of  Portland  cement  and  broken  stone  two  feet  thick. 
On  this  bed  the  foundations  for  engines  and  shafting  were 
constructed,  which  foundations  are  exclusively  of  granite  laid 
in  cement. 

In  equipping  this  plant  it  was  thought  advisable  to  install 
at  first  one-half  of  its  present  capacity.  This  was  done  by  the 
erection  of  two  compound  condensing  engines  of  350  horse- 
power each,  and  one  engine  of  160  horse-power.  All  three 
engines  belt  to  the  same  shaft  {see  Figs.  117  and  118),  making 
it  possible  by  the  use  of  clutches  to  run  any  one  of  the 
engines  on  the  same  shaft  at  one  time.  In  case  of  acddent  a 
defective  engine  can  be  shut  down,  and  the  load  at  once  taken 
up  by  the  others.  Space  is  reserved,  and  foundations  are 
already  prepared,  for  two  more  engines  of  350  horse-power 
each,  and  additional  shafting.  This  makeb  the  total  output 
of  the  plant  1,660  horse-power.  The  engines  are  condensed 
by  means  of  a  surface  condenser,  which  returns  the  condensed 
water  directly  back  into  the  boilers^  but  passing  on  the  way 
through  economisers. 
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Figs.  117  and  118  show  an  elevation  and  plan  of  this  Salem 
Station. 

.  The  boiler-house  is  90ft.  long  by  50ft.  wide ;  has  space  fiur 
ten  boilers  of  125  horse-power  each,  with  Jarvis  fumaoe» 
four  of  which  are  already  installed.  The  boilers  are  placed 
upon  gnmite  foundations  which  rest  upon  piles,  as  in  the  pre- 
vious case.  They  are  constructed  in  the  most  approved  manner, 
from  specifications  furnished  by  the  engineering  department  of 
the  Thomson-Houston  Electric  Company.  They  are  of  the  ordi- 
nary tubular  type,  72in.  in  diameter  aud  17ft.  long,  made  with 
extra  strong  seams  and  steel  tubes,  braced  in  a  thorough 
manner,  and  having  a  working  pressure  of  1251b.  to  the  square 
inch.  The  piping  of  this  plant  has  been  carried  out  with 
consideration  for  future  output  of  1,660  horse-power,  and  all 
main  steam  pipes,  as  well  as  exhaust  pipes,  are  luge  enough  for 
tiiis  full  duty. 

The  second  floor  of  the  main  building,  which  is  115ft.  by 
66ft,  is  utilised  for  machines  with  a  capacity  of  forty-five 
Thomson-Houston  dynamos,  fifteen  of  which  were  installed  at 
once.  The  remainder  of  the  second  floor,  not  used  for  this 
purpose,  is  divided  into  offices,  work-rooms,  testing-rooms, 
toilet-rooms,  iLO.  The  coal  shed  has  a  capacity  for  2,000 
tons. 

The  brick  chimney  of  this  plant  is  130ft.  high,  and  13ft. 
square  at  the  base.  The  chimney  is  square  in  form,  with  a 
round  core  72in.  in  diameter  at  the  bottom,  and  76in.  in 
diameter  at  the  top.  The  structure  contains  250,000  hard 
bricks  hnd  in  cement,  and  also  41  perch  of  granite  in  the  foun- 
dations, which  rest  on  60  oak  piles  firmly  bound  together  by 
3ft.  of  Portland  concrete.  This  chimney  has  a  capacity  for 
1,500  horse-power. 

The  entire  work  of  ccmstruction,  the  building,  and  the 
placing  of  the  engines,  boilers,  and  machinery  was  carried  out 
under  the  direct  supervision  of  Mr.  Patterson.  In  the  con- 
struction of  this  plant,  it  has  been  Mr.  Patterson's  endeavour 
to  construct  one  of  the  most  economical  and  best  running 
stations  possible,  and  also  of  an  original  design.  As  the  Salem 
Company  had  increased  their  plant  twice  before  the  construo- 
tion  of  t^  plant,  it  was  their  desire  to  build  one  of  such  mag. 
nitude  as  to  be  entirely  sufficient  for  the  future ;  and  aa  ttk 


piSTBlfiUTION  OF  BLKCIAIGiLL  BNERQT  BT  TRAN8F0BMSBS.    289 

pteaent  thej  are  exerting  about  600  hone-power,  it  would  aeem 
that  there  is  ample  in  reserre  for  some  time  to  oome.  BeUeYing 
that  m  the  oonatraotion  of  an  deetric  light  station  the  best  it 
the  cheapest,  and  that  a  station  should  be  attractive  to  the 
employ^  the  Salem  Company  has  provided  all  necessary 
aocommodation  for  them  with  tbe  later  addition  of  a  library, 
which  is  filled  with  recent  electrical  books  and  periodicals 
entirely  at  the  disposal  of  the  employ^ 

In  regard  to  the  economy  of  the  steam  plant,  the  change 
from  high  pressure  to  compound  condensing,  in  their  present 
location,  has  been  highly  satisfactory,  the  average  coal  bills  have 
been  reduced  50  per  cent,  since  getting  the  new  station  into 
successful  operation.  This  is  due  to  better  facilities  for  getting 
eoal,  as  also  to  the  more  economical  engines.  At  a  recent  pre- 
liminary test  made  with  Georgia  Creek  Cumberland  Coal  and 
steam  pressure  at  110  pounds,  the  boilers  showed  an  evaporative 
power  of  9'7  pounds  of  water  per  pound  of  combustible.  The 
engines,  which  were  developing  a  variable  load,  from  192  to 
419  horse-power,  showed  an  economy  of  1*8  pounds  of  coal  per 
horse-power  per  hour« 

§29.  The  Brush  Alternating  Ourrent  System. — Mordey 
Alternators  and  Tnasformers. — A  very  complete  alternating 
current  system  has  been  developed  by  Mr.  W.  M.  Mordey, 
and  the  construction  of  his  alternators  and  transformers  is 
carried  on  by  the  Brush  Electrical  Engineering  Corporation 
of  London. 

The  Mordey  Alternator  is  a  wide  departure  in  construction 
from  the  usual  forms  of  alternating  current  machines,  and 
presents  several  features  of  great  interest.  This  alternator  is 
of  the  type  in  which  the  armature  coils  are  stationary,  while 
the  field  magnets  revolve.  The  general  form  of  the  alternator 
is  represented  in  Fig.  119.  The  armature  coik  consist  of  a 
series  of  thin  copper  strips,  wound  over  a  central  core  of  non* 
oonduoting  material,  such  as  slate  or  porcelain.  These  arma- 
ture coils  are  fixed  in  the  interior  of  a  ring  frame  projecting 
inwards  in  a  radial  manner,  and  supporting  one  another  by 
being  placed  in  close  contact.  Each  coil  can,  however,  be  re- 
moved separately  for  repairs,  and  tbe  coils  when  in  place  are 
up  in  series  (see  Fig.  120).    The  field  magnet  consists 

V 
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of  ft  oentral  aliaft,  which  is  embraced  by  a  mogpetiung  coil 
(we  Fig.  121).  On  to  the  alternator  shaft  is  fixed  a  pur  of 
met  iron  pole-pieces,  which  ooneiBt  of  a  series  ol  oast  -iron 


fingers  meeting  tc^tber  with  a  Bmall  lurnspaoe  between  the  ex- 
tremities. It  is  ea«l7  seen  that  the  action  of  the  magnetising 
coil  is  to  make  all  the  magnetic  poles  of  one  side,  say,  north 
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polea,  and  all  oa  the  other  aide  south  poles.  There  ie,  there^ 
for^  DO  mAgnetio  leakage  between  sdjacent  field  polea  on 
the  suae  side,  and  in  this  respect  the  machine  difiere  strikingly 
from  all  oixUnaiy  types  of  alternators.  This  revolring  field 
magnet  is  so  adjusted  in  the  machine  frame  with  respect  to 
the  armature  ring  that,  vheu  rotating,  the  poles  of  opposite 
'sides  come  in  close  contiguity  to  the  radial  armature  coils; 
hence,  aa  the  field  magnet  revolves,  a  series  of  bunches  of  lines 


Fia.  120: — Amuture  of  Mordef  Alternator. 

of  magnetic  foroe  sweep  laterally  through  each  coil,  which  is 
«quiTalent  to  moving  each  coil  sideways  through  an  intai^ 
mittent  but  intense  magnetic  Geld.  Beferring  again  to  the 
figure  of  the  annatnre,  it  may  be  stated  that  the  armature 
coils  are  tonned  of  copper  ribbon,  about  ^th  of  an  inch  wide ; 
«aoh  ocai  ia  bolted  on  to  the  ring  foame  1^  brackets,  and  tbe 
ends  of  the  strip  conductors  brought  out  through  porcelain 
insulators.      These  brackets  are  so  bolted,  to  the  gun-metal 
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Bttpporting  ring  that  they  can  be  removed  withoat  d 
iug  the  maclime.  The  coils,  as  stated,  ataad  in  the  narrov 
space  between  the  poles  of  the  field  magnet.  The  poles  of  the 
field  magnets  are  covered  ezt«nistlj  with  a  metal  shield  of  a 
saucer  shape,  which  prevents  needless  ohoraing  of  the  air.  On 
the  shafts  of  the  field  magnet  are  a  pair  of  contact  rings  with 
rubbing  contact,  bj  which  the  exciting  current  is  oonTc^ed  b> 
the  bobbins  of  the  field  magnet.  The  shaft  is  eonsteuoted 
with  a  collar  like  the  thrust  bearings  of  a  steamship  aorew 


Fia.  12L— Field  H^pet  of  Hurdej  Altaniator. 

shaft,  bj'  which  an;  lateral  shake  of  the  magnet  is  prevented. 
The  bearings  are  oiled  by  means  of  an  automatio  oil-circulating 
arrangement  in  the  larger  Bisea  of  alternators,  whioh  consists  of 
a  small  force  pump  drawing  oil  from  a  reservoir  and  forcing 
it  tJirough  the  bearings. 

From  one  pair  of  coils  wires  are  taken  off,  by  means  of 
which  the  electromotive  force  of  the  maohiue  is  measured. 
.In  the  75-uiiit  machine  there  are  21  armature  coils,  and 
hence  the  reading  of  the  voltmeter  is  ^th  part  of  the  full 
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pvenore  of  the  maolime.  Owing  to  the  loW  armature  re- 
sietaiicei  the  machine  has  very  great  self-regolfktioii  for  Tarious 
loads.  The  oharaoteristio  ciurve  of  the  37}-tmit  maehine  is 
■hown  in  Fig.  122,  by  which  it  may  be  seen  how  smaQ  a 
drop  in  electromotive  force  takes  place  between  full  and  no 
load.  These  machines  are  usually  constructed  for  electro- 
motiye  force  of  2,000  volts.  The  energy  taken  up  in  magnetis- 
ing the  field  is  under  two  per  cent,  of  the  full  output  of  the 
machine.  The  exciting  current  is  either  provided  from  a  small 
direct  current  machine,  fixed  to  the  frame  of  the  altemii^r, 
and  driven  from  the  same  shaft;  or,  generally,  in  central 
stations,  by  means  of  separately  driven  exciters.  These 
dynamos  are  constructed  in  the  following  sises  i-^ 

Sizes  of  Mordey  Alternators, 


Manufaoturen' 
Mark 

A.  7. 

A.  9. 

A.10. 

A.  12. 

A.  14. 

A.  15. 

A.  20. 

A.  40. 

Output  in  kilo- 
watts   

25 

857 

87-5 
666 

50 
600 

75 
500 

100 
428 

150 
400 

200 
800 

400 

BevfdutaoiMper 
minute  

150 

The  periodicity  selected  for  these  machines^  is  100  complete 
alternations  per  second.  The  most  frequently  used  sizes  are 
the  A.  9,  which  is  a  37j^unit  machine,  and  |he  A.  12,  which 
is  a  75-unit  machine.  The  first  is  capable' of  mAJntamtpg 
about  600  19  e.p.  incandescent  lamps,  and  tiie  A.  12  about 
1,20Q»  The  most  interesting  quality  of  these'  dynamos  is  the 
great  perfaction  with  which  they  woric  together  in  parallel  on 
the  same  circuits,  and  when  once  brought  into  step  with  one 
another  by  UM&ans  of  STUchronising  arrangements,  as  explained 
in  a  previous  section.  It  is  impossible  to  break  these  machines 
out  of  step  irith  one  another  whefi  once  so  synchronised,'  and 
they  ma  perfectly  in  parallel  for  any  load  downwards  from 
full  load  to  that  of  a  single  lamp.  The  construction  of  these 
alternators  marked  a  distinct  epoch  in  the  development  of 
alternating  eurrent  apparatus,  and  the  Pftper  read  before  the 
Institution  of  Electrical  Engineers,  in  1868,  by  lifr.  Mordey, 
was  followed  by  a  demondtration  of   the   practicability  of 
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working  these  maobines  in.  parallel,  not  only  when  they  were 
generating  eqiial .  electromotive  forces,  Vut  when  one  machine 
was  giving  1,0Q0  volts  and  the  other  2,000..  A  small  adjiistable 
resistanoe  is  sometimes  used  in  connection  with  each  machine  to 
regulate  within  small  limits  the  electromotive  forcej  but  it  is  not 
found  necessary  to  provide  any  automatic  means  of  regulation 
in  consequence  of  the  low  resistance  of  the  alternator  armature. 
Mr.  Mordey  claims  for  these  machines,  not  only  that  they 
h4ve  a  very  .low  resistance,  but  a  very  low  armature  self- 
incluctidn.      The  armature  resistance  6i  the  37-unit  machine 
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Fio.  122.— CharactemUb  Curre  of  Mord^  AltenM^tor^     . 
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is. Stated  to  be. about  3  ohms,  and  the  mean  ooeffioient  of  > 
se^-induction  about  "03  henry.        .  |  .  i,  • 

The  Brush  Corporation  have  designed,  also^  a  compound  . 
hi^h-speed  engine  specially  adapted  for  driving  these  alter- 
nators. The  smaller  sizes  ,of  these  engines  are,  employed  ,, 
fof  driving  direct  the  exciters  in,  central  .stationSf  the  laiger;^ 
sizes  for  driving  the  alternators  by  meana,  of  a  single  rope  ; 
gear.  The  speeds,  of  ^ese  engines  vary  from  1^0^, to  250,  \.. 
ax^  are,  in  all  cases,  placed  high  enough  to  give,  a  steady  cur-  ; 
rent  from  the  dynamo.  This  is  an  important  pointt  especially  ; 
with  ^temators' design^  to  run  in  synchronism.  ^ The  orank./ 
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stuJt  and.  motiQii  rodl  irs-  entirely  of'  Siemens  Bteel,   and 
Urn  motion  bearings  ;  aquure-seated  to  allow  of  easy  adjust- 
ability to  original  level.    The  engine  is  of  the  inverted  marine 
t^r^  ihaving  a  solid  back  fraroej 
(  The  high-iffesanre  cylinder  is  fitted  with  a  piston  valve  and  the 


Fio,  123.-^Di)'«et'driveii.Eicitar  tor  Horde;  AltcniBton 

low-pressure  cylinder  with  a  slid«  valve.  The  steam  admission 
and  speed  of  the  engine  is  controlled  in  three  ways,  according 
to  the  size  of  the  engine  and  the  conditions  onder  wfaioh  it  is  to 
work. — 

1st  By  an  Aome  governor  and  throttle  valve,  adjustable 
hy  hand  while  the  engine  is  running. 
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2nd.  By  an  Aome  govenior  and  ttootde  valye^  ^PP^^ 
Bient«d  by  hand-regulating  ezpanaoa  gear  acting  on  bolli 
valFeB. 

3rd.  By  automatic  expansion  geax^  aedng  direct  on  ihm 
high-preaeure  Talye,  adjustable  by  hand  whilst  wcrkiagg 
supplemented  by  a  hand  regulation  of  the  low-pressure  Talve. 

By  means  of  either  of  these  controlling  arrangements  the 
engines  can  be  regulated  to  work  well  and  efficiently^  exhaust* 
ing  either  into  the  atmosphere  or  into  condensers.  The 
piston  rods  and  cross-heads  are  forged  solid  in  one  piece  and 
moTc  in  a  guide  which  holds  one  side  only  of  the  crosahead« 
Special  attention  has  been  paid  to  lubrication,  which  is  con- 
tinuous and  needs  little  attention.  The  speed  of  the  engine 
is  governed  by  a  sensitive  high-speed  governor,  which  can  be 
regulated  whilst  in  work.  These  engines  are  made  with 
strokes  varying  from  4  to  24  inches,  and  qpeeds  vaiying  from 
250  to  600. 

In  Fig.  123  is  shown  a  single  cylinder  machine  of  this  type, 
coupled  direct  to  a  Victoria  dynamo  by  means  of  BaworUi's 
flexible  friction  grip  coupler.  Such  a  combination  is  well 
adapted  as  an  exciter  for  centM  station  work ;  two  or  more 
of  these  exciters  can  be  arraifged  to  feed  the  fidd  magnets 
of  a  series  of  alternators. 

S90.  The  Motdey  Victcria  SnuMfenttsr.-— These  tcana* 
toimen  are  of  a  very  simple  form,  the  points  aimed  at  in  tiie 
design  being  as  follows : — ^High  efficiency  at  all  leads;  good 
regulation ;  and  high  insulation  and  convenience  m  handBngi 

This  transformer  is  of  the  *'shell''  type.  The  high  and  low 
pressure  coils  are  first  wound  on  formers  in  a  lathe.  The  high 
and  low  pressure  coils  having  been  separately  insulated,  and 
insulated  from  one  another,  are  then  enclosed  in  an  iron  core 
made  of  sheet  iron  stampings.  A  rectangular  sheet  of  iron  has 
a  rectangular  hole  punched  ottO  of  it  to  such  a  sise  that  the 
piece  punched  out  when  placed  cross-wise  {9ee  Fig.  124)  servea 
as  a  core.  These  rectangular  frames  and  cross-pieces  are  piled 
up  in  and  around  the  primary  and  secondary  coils,  the  rectan* 
gular  firame  being  slipped  over  the  coil  and  the  cross-piece  put 
through  the  coil,  each  plate  being  separated  from  its  ni^hbour 
by  thin  paper,  and  the  whole  pile  of  plates  then  comproMed 
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tocttiherbjmeMttof tieiodsmacMtiioiiiEai^  TbefinUhai 
tnnaformer  is  tfaea  enclosed  in  en  exteinal  iron  oeae  (Me 
Fig.  125X  ^This  iron  oeae  may  be  made  to  contain  also  double 
pole  high  tension  eafetj  fknes  and  awitohesi  and  is  then  adapted 
for  being  plaoed  on  cnstomen^  premises.  The  trsnaformers 
are  made  in  thurceen  standard  sites,  Taiying  from  750  to 
96,000  wattsi  and  all  are  thoroughly  tested  and  hare  a  long 
continued  run  at  full  load  before  being  sent  out.  In  con* 
structing  this  transtormor,  Mr.  Moidey's  aim  has  been  to  design 
«  transformer  having  not-  only  high  efficiency  at  full  load, 
but  high  eificienoy  at  lower  loads.    The  following  Talues  are 


IfjSk  124.— Stamped  Sb0et*iron  Diae  lor  Hordey  Ikmnsf oniMr, 


given  Ivy  him,  as  results  of  eiperiments  made  with  a  6,000 
watt  transformer. 


Effideney  of  a  Mordey  Tranrforwher, 

EfflcieDcv* 
Fnllloid 

fkiid.... 

i  ,.   .... 

i  „  .... 
i 


»» 


96*7  per  cent. 

96-2 

951 

92*1 

86-7 


No  load .•••••«•.•..•••.«••••••,••••    Lofls  1*8 

The  larger  sises  of  transformers  are  slightly  more  efficient 
than  the  above,  especially  at  small  load ;  the  smaller  sisesi  op 
the  other  hand,  are  slightly  less  efficient 
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Viaa  fortn  of  tnaatanavc  id  Tbty  euily  repurad,  and  U  th«  ' 


,       Era.  12&— Hordar  J'nuufaimer- 

dimd  Eimelias  aver;  taaall  electroBtatio  capacity,  and  a  my' 
Bmall  "drop  "  du«  to  magnetio  leakage.  ' 


*\ 
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§31.  High  Tension  Switches  and. Fafl68.-^the£ details  in 
connection  with  this  alternating  current  system  have  been  care- 
fully worked  out. 

A  high  tension  switch  has  been  perfected  which  has  the 
following  qualities : — 

1.  A  long  break. 

2.  A  quick  break* 

3.  Good  contact.  .<> 

4.  Complete  insulation  from  the  hand  of  the  operator. 

It  consists  of  a  hinged  arm,  kept  normally  out  of  contact 
with  a  copper  jaw  by  means  of  a  spiral  spring.  It  is  closed 
by  pulling  a  silk  or  cotton  cord,  which  may  be  any  length. 
By  pulling  the  cord,  the  arm  is  brought  into  contact  with  the 
copper  jaw,  where  it  is  retained  by  a  catch  or  trigger.  It  is 
released  by  pulling  another  cord,  so  that  neither  in  breaking 
nor  in  making  contact,  is  there  the  least  danger,  of  shock  to  the 
user. 

In  the  standard  switchboard  for  central  station  purposes  the 
high-tension  switches  are  entirely  enclosed,  and  are.worked  by 
external  handles  and  cords,  as  described.  High-tension  safety 
cut-outs  have  been  perfected  for  use  with  these  machines.  It 
has  been  demonstrated  practically  in  many  cases  that  safety 
fuses  of  very  considerable  length  are  unable  to  break  the  arc 
produced. by  a  short  circuit  in  the  mains  when  the. current  is 
being  supplied  from  a  dynaftio  of  very  low  resistance  and  in- 
ductance. The  fuse  adopted  by  the  Brush  Corporation  con- 
sists of  a  copper  wire,  about  three  inches  in  length,  enclosed  in  a 
glass  tube,  filled  in  with  a  non-conducting  and  non-inflammable 
powder,  which  entirely,  quenches  the  arc  when  the  fuse  wire 
melts.  These  fuses  are  comparatively  inexpensive,  and  are  so 
small  that  they  can  be  put  with  safety  inside  the  smallest 
transformers,  thus  avoiding  the  necessity  for  separate  fuse 
cases. 

§  32.  Alternating  Ourrent  Stations  on  the  Hordey  System. 
Lynmoath  Oentral  Station. — ^An  interesting  installation  has 
been  erected  at  Lynmouth,  employing  these  Moidey  alterna- 
tors. This  station  is  a  water-power  station,  the  power  being 
obtained  from  the  River  Lyn.  The  water  of  the  river  is 
diverted  into  an  open  conduit  and  thence  into  an  iron  pipe. 
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SOiiL  in  diameter  and  l^TOSft.  in  length,  the  available  fail 
of  water  being  95ft.  This  fall  of  water  is  conducted  to 
a  14-inoh  turbine,  capable  of  yielding  200  H.P.,  the  water 
being  returned  to  the  river  when  it  has  done  its  work. 
The  horiaontal  shaft  of  the  turbine  is  oonpled  direct  to  two 
Mordey  alternators  of  the  37|-unit  met  running  at  650 
revolutions  per  minute.  The  exciting  current  is  furnished 
from  two  simdl  direct-current  Vietoria  machines  belted  on  to 
the  shafts  of  the  alternators  (iee  Fig.  126).  The  current 
is  supplied  from  the  alternators  at  a  pressure  of  2,000  volts, 
partly  by  underground  and  partly  by  overhead  mains.  From 
the  station  it  is  conveyed  to  Lynton,  where  the  distribu- 
tion takes  place,  through  transformers  placed  on  customers' 
premises.  The  primary  mains  in  the  town  are  underground, 
and  the  pressure  is  reduced  from  2,000  to  100  volts  for  use  in 
incandescent  lamps  by  transformers  on  the  various  premises. 
Each  of  the  37^unit  alternators  employed  is  capable  of  main- 
taining 1,200  or  1,300  8  c.p.  lamps,  M  burning  at  one  time. 
The  plant  has  now  been  in  operation  some  years  most 
successfully. 

S  S3.  Bath  Electric  Lighting  Station.— The  electric  lighting 
of  Bath  is  carried  out  by  means  of  alternate-current  plant,  on 
the  Mordey-Brush  system.  The  incandescent  lighting  plant 
and  the  bulk  of  the  generating  plant  was  constructed  by  the 
Brush  Company  and  erected  to  the  instructions  of  Mr.  Massing, 
ham,  who  commenced  electric  lighting  work  there  in  the  first 
instance  as  a  private  enterprise.  The  station  is  a  brick  and 
'  stone  building,  covering  an  area  of  about  150ft  by  90ft.  The 
engine  and  dynamo  room  is  113ft  by  40ft  The  walls  are  of 
stone,  having  vertical  iron  pillars  at  intervalB,  which  carry  )t 
horizontal  girder  on  which  an  overhead  traveller  runs.  The 
boiler-house  is  90ft  by  40ft.,  and  lies  adjacent  to  the  engine- 
room.  At  one  end  of  the  boiler-room  is  a  red  brick  chimney 
shaft,  90ft  high  and  4ft  9in.  clear  diameter  at  the  top.  This 
shaft  takes  the  products  of  combustion  from  four  Babcock 
boilers  of  150  H.P.  each.  Boom  is  provided  in  the  house  for 
twelve  such  boilers.  The  engine-room  (as  shown  in  our  en- 
graving) is  occupied  partly  by  a  Thomson-Houston  arc-light 
plant  and  partly  by  the  altemate-cunent  plant.    This  last 
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cpnBists  of  four;  7;^-unit  Mordey  altemators.  Each  alternator 
is  driven  bj  rope  gearing  from  a  separate  high-speed  compound 
condensing  engine  of  150  H.P.,  built  by  the  Brush  Company. 
Each  alternator  has  its  own  exciter  driven  from  the  alternator 
shaft.  The  voltage  of  the  alternators  is  2,000,  and  the 
maximum  current)  from  each  36  amperes.  Each  pf  these 
dynamo^  is  driven  l^  a  continuous  length  of  l^in.  cotton  rope, 
runnipg  eight  times  round  the  pulley  of  the  alternator  and  the 
grooved  fly-wheel  of.  the  corresponding  engine,  a  guide  pulley 
servi]%g  to  ^eep  the  rope  in  place  in  bringing  it  back  from  the 
last  groove  to  the  first.  The  diameter  of  the  engine  cylinders 
is  respectively  12in.,and  20in.,  and  the  stroke  14in..  There 
are  special  arrangements  for  altering  the  cut-off  by  hand 
whilst  the  engine  is  running.  The  engine  speed  is  180  revolu- 
tions per  minute.  The  engines  exhaust  into  a  14in.  common 
exhaust,  and  arrangements  are  made  to  lead  the  exhaust  stean| 
into  condensers,  or  into  the  atmosphere.  The  condensing  plani 
consists  of  two  surface  condensers,  each  having  1,000  square 
feet  s,urface,  and  one  Raworth.  combined  circulating  and  feed 
pump,  which  is  driven  by  a  compound  engine.  The  object  of 
this  last  arrangement  is  to  obtain  greater  economy  in  the 
power  used  in  driving  the  circulating  and  feed  pumps.  -  Water 
for  condensing  is  available  from  the  river  close  to  which  the 
station  is  situated.  Valves  are  fitted  to  the  condensers,  so  that 
one  or  both  can  be  used  at  the  same  time,  and  a  relief  valve  is 
fitted  into  the  end  of  the  exhaust  pipe,  so  that  in  the  event  of 
a  condenser  being  shut  off  exhaust  takes  place  automatically 
into  the  atmosphere.  A  3-inch  feed  pipe  runs  from  the  con-^ 
densers  tp  the  boilers,  and,  in  addition.  Duplex  pumps  have 
been  fixed,  so  thaji;  the  boilers  can  be  fed  independently  of  the 
condensers.  For  draining  the  steam  pipe  two  automatic  steam 
taps  h^ve  been  fixed ;  these  discharge  into  a  tank  from  which 
the  water  flows  into  a  hot  well.  The  alternators  work  in 
parallel,  and  deliver  currents  into  eight  circuits,  which  are  laid 
underground.  These  high-pressure  conductors  consist  of  Cal- 
lender  cable,  laid  under  the  footways,  in  iron  troughs,  filled  in 
"solid  "  with  bitumen.  These  cables  have  proved  themselves 
to  be  satisfactory  as  regards  insulation.  In  each  house  or' 
building  lighted  there  are  placed  transformers  in  iron  cases,  and 
these  are  fed  with  primary  current  at  2,000  volts.  They  reduce 
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the  pressure  to  100  or  50  volts  for  use  with  incandescent  lamps. 

\s  the  distances  to  be  covered  were  considerable^  and  the 

.ighting  at  first  sparse,  it  was  found  necessary  to  employ  the 

listributing  transformer  system,  and  not  to  '*  bank"  the  trans* 

ormers.    The  sizes  of  transformers  chiefly  used  are  the  750, 

,500,  and  3,000-watt  sizes.    These  transformers  are  of  the 

mproved  Mordey  type,  above  described.    A  very  similar  station 

vas  also  erected  at  Bournemouth  by  the  Brush  Company  for 

he  supply  of  electric  current   on  the  alternating  system* 

tfordey  alternators.  Brush  compound  engines,   and  Babcock 

3oilers  are  also  employed  there.    The  Mordey  alternators  are 

worked  regularly  in  parallel. 

§  34.  Ferranti  Altemating-CmTent  System. — ^Mr.  Ferranti 
Degan  in  the  latter  part  of  1885  to  develop  his  alternating- 
current  system,  comprising  alternators,  transformers  and  cables 
3f  special  forms,  constituting  together  a  complete  system  of 
Utemating-current  supply  by  means  of  transformers.  We 
proceed  to  describe  the  several  elements  of  this  system  and 
then  some  of  the  complete  installations  which  have  been  made 
with  it. 

The  Ferranti  Alternators. — The  general  design  of  one  of 
these  alternators  is  shown  in  Fig.  127.  The  revolving  portion 
is  the  armature  in  which  the  alternating  currents  are  generated, 
and  in  the  case  of  the  direct-driven  alternators  this  armature 
constitutes  the  ily-wheel  of  the  engine.  The  fixed  portion  is 
the  field  magnet.  The  general  construction  of  the  dynamo  is 
seen  to  consist  of  a  frame  in  two  portions,  which  are  bolted 
together,  but  which  can  be  separated  from  one  another  along 
one  of  two  planes,  for  the  purposes  of  repairing  and  cleaning 
{see  Fig.  128).  Each  half  of  the  cast-iron  frame,  or  carcase, 
carries  a  series  of  projecting  wrought-iron  pole-pieces,  which 
are  cast  into  the  frame  {see  Fig.  129).  These  pole-pieces 
come  into  opposition  with  one  another  when  the  frame  is 
put  together,  and  are  excited  by  magnetising  coils,  con- 
sisting of  copper  strip,  wire,  or  band,  wound  on  them,  the 
different  layers  being  insulated  by  thin  sheet  vulcanised  fibre. 
When  these  pole-pieces  are  magnetically  excited,  the  poles  are 
alternately  north  and  south  all  round  the  frame  on  one  side, 
and  in  opposition  to  each  north  pole  in  one  half  of  the  frame 
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18  a  south  poleon  the  other  half  of  the  frame.    In  the  olearance 
spae^  therefore,  between  the  poles  Hbem  are  a  series  of  bunchea 


\ 
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TtQ.  129. ^HaU-GftitsBse  or  Magnet  IVime  of  1,250  H.P,  Ferruiti 

Alternator  at  Deptford. 


<xf  lines  of  force  alternately  in  opposite  directions,  and  there  ia 
«]so  a  leakage  field  between  the  adjacent  oppositely  named  poles 
•on  the  same  side.    The  armature  shaft  is  a  steel  shaft  having 
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•  grooved  pulley  keyed  on  it  for  rope  driTing,  wbioh  is  slung 
between  two  Hlia4j<i'''''>£  beuings.  The  steel  shaft  oarriee  a 
{[an-metel  hab,  or  diBO,  whioh  forms  the  basis  of  support  for  the 
antutnre  coils.  The  armature  windlog  has  been  developed  from 
what  used  to  be  known  aa  the  ligi^  armature  winding,  and  is 
indicated  as  to  its  general  nature  by  the  diagram  given  in  Fig. 
ISO.  Opposite  to  eoeh  magitetio  pole  stands  one  loop  of  the 
imnatnre,  and  as  the  armature  moves  forward  in  the  alternating 
field  induction  takes  plaoe  in  each  loop  in  such  a  way  that  the 
currents  induced  in  the  loope  are  all  in  one  direction  during 
one  step  of  the  progress  from  pole  to  pole,  and  all  in  the  other 
direction  during  the  next  socceasive  step.  The  machines,  there- 
iore^  yield  an  alternating  current,  the  frequency  of  which  is  given 


Fio.  ISO.— F«(TKitl-ThoD»on  Anakture  Winding. 

by  the  product  of  half  the  number  of  pole-pieces  and  the  speed 
of  revolution.  Tliis  frequency  is  now  in  all  machines  10,000 
semi-alternations  per  minute,  or  5,000  complete  alternations, 
equivalent  to  a  frequency  of  83  r\(  per  second.  In  the  actual 
machines,  the  various  portions  of  the  armature  consist  of  a  set  of 
separate  flat  spirals  of  oopper  tape,  wound  up  into  flat,  oval,  or 
^g-shape  coils  on  a  non-oonducting  oore  of  a  particular  kind. 
A  pair  of  these  coils  are  bo  joined  up  that  when  their  outside  ends  i 
are  connected  together  in  the  centre,  the  course  of  the  winding 
in  the  two  ooils,  looked  at  from  one  side^  is  in  the  opponte 
direction.  This  pair  of  coils  constitute  one  unit  of  the  armature, 
and  they  are  carried  on  Insulated  metal  bases,  called  bobbin* 
holderm  as  shown  in  Fig.  131.    Each  armature  coil  consists  of 

x2 


308  DlSTBIBUTIOir  OF  ELECIBIOAL  KNEBOT  BT  TRAHSTORMKBd. 


W-^tJ^ 


DIsnUBUTION  OF  BUEOIBiaAL  VSEBGY  BT  XRANSFOBMEBfl.   309 

high-conduotivil^  copper  tape,  which  has  a  groove  or  depres- 
sion impressed  upon  it,  in  order  that  when  wound  up  into  a 
flat  spiral,  the  di£Ebrent  hiyers  of  tape  shall  not  slip  ovet 
one  another.  The  insulating  material  between  the  layers  oi 
copper  tape  consists  of  one  or  more  strips  of  thin  and  well  dried 
vulcanised  fibre.  The  core  on  which  this  spiral  is  wound  up 
consists  of  a  laminated  brass  piece  out  into  fingers  or  blades, 
like  a  fan ;  the  interval  between  these  fingers  is  filled  up  with 
asbestos  cardboard,  and  the  whole  mass  is  compressed  very 
tightly  into  a  stiff  non-conducting  core,  on  which  the  corrugated 
copper  tape  is  wound.  When  these  bobbins  are  thus  prepared, 
they  are  soldered  together  in  pairs,  as  described,  the  one  indi- 
vidual of  the  pair  being  held  in  one  bobbin-holder  and  the 
other  in  the  adjacent  one.  The  two  bobbins  which  are  held  in 
the  same  bobbin-holder  are  insulated  from  each  other  by  a  strip 
of  ebonite  put  between  them,  but  the  ends  of  the  copper  tape 
on  the  two  coils  are  connected  together  electrically  through  the 
bobbin-holder.  The  shanks  of  the  bobbin-holders  are  fixed 
into  the  gun-metal  hub  of  the  armature  by  an  insulating 
cement  made  of  sulphur,  and  the  shank  of  the  bobbin-holder  is 
protected  by  an  insulator  of  ebonite  formed  with  wide  flanges 
BO  as  to  give  great  surface  and  prevent  electrical  leakage. 
The  general  method  of  fixing  these  bobbin-holders  is  as  fol- 
lows:— In  the  gun-metal  hub  there  are  a  series  of  cavities. 
The  shank  of  the  bobbin-holder  is  passed  through  the  ebonite 
sleeve  insulator  and  down  through  a  hole  in  the  periphery  of 
the  hub.  A  nut  is  then  screwed  on  its  end,  which  nut  lies  in 
the  cavity  in  the  hub.  The  space  all  round  the  nut  in  the 
cavity  is  then  filled  in  with  the  sulphur  cement.  This  method 
of  insulating  and  holding  the  bobbin-holders  has  been  found 
td  be  electrically  and  mechanically  an  excellent  one. 

When  the  coils  are  all  arranged  in  the  armature,  they  are 
connected  up  in  two  parallel  series,  so  that  one  end  of  the 
diameter  constitutes  one  pole  of  the  machine  and  the  other 
end  the  other ;  connections  are  made  with  these  two  extremities 
of  the  armature  circuit  by  means  of  insulated  copper  .rods, 
which  come  out  through  the  hollow  steel  shaft  to  collector  rings 
fixed  to  this  shaft  (tee  Fig.  132).  When  the  armature  is  in 
place,  these  thin  bobbins  move  round  in  the  narrow  air  space 
between  opposiuK  field  ma^oiets,  which  just  allows  free  room 
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for  tks  ooils  to  mme.    The  width  of  the  amuitiire  ooilg  varies 
from  half  aa  inch  to  one  mcb. 

In  the  160  hone-power  machine  the  armature  ooQs  an  boUt 
of  ooppOT  atrip  '012in.  in  thickness  and  half  an  inch  wide.  la 
the  300  horse-power  machine  the  copper  strip  is  '04in.  thick 
and  -626in.  wide.  In  the  626  horse-power  machine,  there  are 
2  strips  in  parallel,  each  ■024tn.  in  thiekuess,  and  -6S6in.  wide; 
and  in  the  1,500  horse-power  machine  the  sbrip  is  02in.  in 
width  and  lin.  wide.  In  all  cases  the  cross  section  of  the 
atrip  is  saffioient  to  give  ample  current  o&riTiug  power  for 
the  partioular  stia  of  maohine.    The  edge  of  Uie  copper  strip 


Va,  138>'— Hods  at  CotuMotlon  at  BobbiM  in  Femati  Annstnrfc 

being  exposed  to  the  air  assists  veatilation,  and,  fnTthennore, 
a  series  of  metal  wings,  oast  on  to  the  bobbin-holdors,  aofi 
as  a  fiui  when  movipg,  and  draw  air  in  to  keep  the  annature 
cool. 

The  table  of  the  different  sizes  of  Ferranti  altematoiB  now 
made,  is  giren  on  the  previoos  page. 

,  The  nomber  of  magnet  poles  on  each  side  of  the  frame  is 
respectiTel;  16,  20,  21, 10  uid  48  in  the  five  sizes,  vis.,  the  7{^ 
ItK),  SOO,  626,  and  1,600  horso-power  machines. 

Besides  these  rop&^lriven  alternators  the   same  machine 
b  arranged  for  direot-driving  in  rises  shown  on  the  neib 
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Ferranti  Alternating  Current  Dynamos  (for  eotgMnff  dirtU  to 

High-speed  Engines). 
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The  excitation  of  the  alternators  is  effected  by  means  of  a 
small  direct-current  machine  driven  from  the  same  shaft  in  the 
case  of  the  small  sized  alternators,  but  by  separately  driveii 
independent  exciters  in  the  case  of  the  larger  machines.  The 
exciting  amperes  and  volts  of  each  size  are  given  in  the  last 
two  columns. 

The  lubrication  of  the  machines  has  been  carefully  considered. 
In  the  smallest  size  a  small  oil  pump  is  worked  by  a  belt  off  the 
shaft,  and  forces  oil  through  all  the  bearings.  In  the  SOO,  626, 
and  1,500  horse-power  sizes,  an  eccentric  on  the  shaft  drives  a 
yaxt  of  oil  pumps,  which  force  oil  at  considerable  pressure  into 
the  underside  of  all  the  bearings,  from  which  it  drains  oat  into 
a  cistern  in  the  framework  of  the  machine,  and  is  pumped  back 
again.  The  same  oil,  therefore,  goes  round  and  round  veiy 
often  for  months  together. 

The  field  magnet  frame,  as  above  stated,  parts  along  a  certain 
line,  and  is  capable  of  being  separated  by  a  power  arrangement, 
to  enable  the  armature  to  be  reached.  In  the  largest  siie  of 
alternator  as  employed  at  Deptford,  this  separation  is  effected 
by  means  of  a  small  barring  engine. 

The  usual  voltage  of  th6se  alternators  is  2,400.  For  the 
oases  where  the  largest  sizes  are  used  at  pressures  above  this 
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unount,  Til.,  at  6,000  or  10,000,  apmual  urangeMteiita  ue 
required  to  prevent  the  armature  from  discharging  eleotzi- 
oally  BgsinHt  the  field  m&gneta.  These  tQI  be  deooribed  later 
on. 

The  current  is  taken  off  the  machine  hy  rubbing  contacts 
vhioh  presa  against  one  or  two  insulated  coUeotor  ringa  fixed 
on  the  shaft.     These  collector  rings  are  enclosed  in  a  metal 


Pia.  133.— Collector  RiDgi  of  FomatiAltenuttw, 

(wz  vith  glass  sides,  which  is  arranged  as  shown  in  Fig.  133, 
qo  as  to  be  inaccessible. 

§35.  Ferrantl  Tiansformers. — ^The  general  oonstmotlon  of 
tba  Ferranti  Tranaformer  has  already  been  described  at  the 
end  of  Chapter  I.  Great  care  is  taken  in  the  selection  of  th» 
iron  for  these  transformers,   and  in  the  general  design,  to 
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diminfgh  as  £ftr  as  possible  the  "drop"  dae  to  magnetic 
leakage,  and  also  to  obtain  a  high  efficiency.  The  standard 
pxessores  between  ^hioh  these  transformers  work  is  most 
usually  2,400  to  100  or  to  50  voltSi  but  they  are  also  wound 
during^  the  transformation  from  2,000  volts  to  100  or  50. 
They  are  made  in  the  sizes  shown  in  the  table  below. 


FERRANTI  TRANSFORMERS. 

Outpntin 

Output  in 

Safe  aeoondaiy 

InaH  in  2fi 

PoTBimAL  : 

[N  Youa. 

horae-power. 

watts. 

watt  lamps. 

Frimaiy. 

Secondaiy. 

1 

740 

21 

2,400  or  2,000 

100  or  50 

2i 

1,865 

53 

»»      •»      >> 

99      99      9» 

6 

3,730 

106 

»f          9»          f9 

99      99      9* 

10 

7,460 

213 

f»          »f          9f 

99      99      99 

15 

11,190 

319 

99  •        »»          99 

99      99      9» 

20 

14,920 

426 

*»          »»          9» 

99      99      99 

50 

37,300 

1,065 

»9          »9          99 

99      99      99 

100 

74,600 

2,131 

99           99           99 

19      99      99 

160 

111,900 

3,197 

10,000  or  5,000 

2,400  or  100 

The  150  H.P.  transformer  is  especially  designed  as  a  sub- 
station instrument  for  reducing  pressuro  from  10,000  or  5,000 
to  2,400  or  2,000  volts.  A  general  view  of  the  150  H.P.  trans* 
former,  transforming  from  9,600  to  2,400  volts,  or  in  a  4  to  1 
ratio^  is  shown  in  Fig.  134.  This  transformer  consists  of  three 
coils — viz.  of  one  high-preasuro  coil,  which  is  sandwiched  in 
between  two  low-pressuro  coils.  Each  of  these  coils  is  composed 
of  copper  strip  separated  by  a  strip  of  vulcanised  fibre,  like  thd 
armaturo  coils,  and  wound  over  with  shellaced  cloth  and  vul<> 
oanised  fibre.  In  forming  these  coils,  a  number  of  separate  flat 
coils  are  built  up  one  over  the  other,  and  connected  together  in 
series,  insulating  material  being  placed  between  every  element- 
ary coil«  The  high-pressuro  and  low-pressure  coils  are  separated 
from  one  another  by  sheets  of  ebonite,  with  a  considerable  ai^ 
space  between.  The  iron  cores  are  exceedingly  massive,  and 
formed,  as  described  in  Chapter  L,  of  flat  bands  bent  over  in 
opposite  directions  to  form  closed  magnetic  cirouits;  the 
rarious  layers  of  iron  bands  are  separated  from  one  another  by 
an  |dr  space  of  '5  inch«  to.  provide  for  ventilation,  or,  in  cases 
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where  the  transformer  it  placed  in  oil,  to  allow  «  bee  timla- 
tioii  to  the  oil. 

It  a  adv&ntageouB  to  immerse  these  hIgb-tena]0B  tians' 
formers  under  the  surface  of  an  iiuulatiiig  fluid,  diminishing 


thereby  the  liability  to  electrieal  disoharge  between  the  high- 
pressure  ooil  and  the  iron  frame,  or  the  low-pressure  och]  which 
exists  in  virtue  of  the  powerful  electrostatio  field  in  the  neigti' 
boorliood  of  the  high  potential  end  of  the  hig^-preaBuie  ooiL 
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§36.  Hi^TuwloB  T^UM  and  Sritehflfl. — la  oonnection  with 
th«  primaiy  cirouits  of  all  transformerB  high-tension  fuses  ars 
UBsdon  both  poles.  These  oonsistofastooeware  box,  as  shown 
in  Fig.  135,  h4Tii>K  <i  sliding  lid.  In  the  groove  in  the  box  Ilea 
A  fiiae  vira  oomposed  of  one  or  more  strands  of  tinned  copper 
wire.  This  fuse  wire  is  soldered  to  two  brass  plugs,  which  drop 
into  sockets  at  tbe  extremity  of  the  fuse  box,  into  which  the 
«nda  of  the  cables  are  made  fost  Tba  length  of  fuse  wire  in 
the  faouM  earvioe  box  is  about  1 2in.,  and  for  the  station  fuse 
box  about  24in.  This  groat  length  of  break  is  found  neosaaary  to 
prevent  aroing  when  the  fuse  wire  melts.  The  fuse  boxes  ar« 
mounted  on  india-rubbei  pads  to  insulate  them  from  the  earth. 
The  high-tension  switches  consist  of  a  double-pole  switch  en- 
closed in  a  box  with  a  glass  front,  and  which  is  moved  from 
*'on"  to  "off"  by  means  of  an  ebonite  handle  outeide  the  box. 


ho.  13& — High'tcDmoD  Fiua  Box. 

§  37.  Fematl  Ooncentrle  Uaine.— Mr.  Ferranti  designed 
for  the  London  Electric  Supply  Corpoiation  a  form  of 
oonoentric  main,  intended  for  extra  high-pressure  servioe. 
This  maiq  is  made  in  lengths  of  20ft.,  and  is  jointed 
together  by  eleotrioal  and  mechanical  joints  of  an  ingenious 
oharacter.  In  the  manufacture  of  this  main,  brazed  copper 
tubes  are  taken,  having  equal  cross  sectional  area,  either 
|io.,  ^in.,  or  Jin.  section,  calculated  respectively  to  carry 
125,  250,  or  600  amperes.  In  the  ^in.  section  main,  the 
copper  tabes  have  the  following  dimensions.  The  inner  con- 
ductor, or  inner  member,  is  a  copper  tube  (see  Fig.  136)  of 
which  the  inside  diameter  of  cross  section  will  be  called  Dj, 
and  radius  R,,  and  the  oatsids  diameter  Dj,  and  radius  B^ 
The  outer  conduct,  or  member,  is  a  oooner  tube  of  which  the 
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inside  diameter  will  be  called  D^  and  radius  R^^and  its  outside 
diameter  D^  and  radius  B^.  The  insulation  between  the  inner 
and  outer  members  consists  of  brown  paper  saturated  with 
black  wax.  The  values  of  the  diameters  and  radii  of  cross 
section  of  these  tubes  are  as  follows : — 


»i- 

A  of  an 

inch 

«    '6625  iQ« 

».- 

M   .. 

•> 

«    '8125  „ 

»,= 

m  » 

»» 

=  1-8437  „ 

D«  = 

m  « 

i> 

«  1-9375  „ 

Hence 

we 

have — 

Ei- 

•281  ID. 

1^2  ^  -0789 

B,= 

•406,, 

R,2  =  -1648 

K,= 

•922,, 

R32  =  -8600 

R,= 

•969  „ 

R^*  «  -9389 

B,« 

-Ri«  = 

•0859,, 

V 

-  R32  =  -0889 

Hence  the  area  of  cross  section  of  the  inner  member  is 
V  (R^^  -  Ri^)  =  '2689  sq.  in.,  and  that  of  the  outet  member  is 
equal  to  v  (R^  -  Rj*)  »  '2793  sq.  in.,  or  approximately  a 
quarter  of  a  square  inch.  The  copper  resistance  of  the  quarter- 
inch  section  main  is  *324  legal  ohm  per  mile  run  (including 
lead  and  return)  when  laid*  The  electrostatic  capacity  between 
inner  and  outer  members  is  '367  microfarad  per  mile  run,  and 
the  capacity  between  the  outer  member  and  the  iron  casing 
about  ten  times  as  much.  The  inductance  is  286  microhenrys 
per  mile,  and  the  dielectric  resistance  between  inner  and  outer 
copper  about  700  megohms  per  mile.  The  process  of  manu- 
faoture  of  these  mains  is  as  follows : — 

The  tubes  having  been  strained  and  cleaned,  the  interior 
tube  is  wrapped  with  layers  of  brown  paper,  which  have 
been  heated,  and  passed  through  a  black  mineral  wax. .  This 
waxed  paper  is  rolled  tightly  round  the  copper  tube,  whilst 
the  wax  is  warm,  in  a  special  machine;  several  sheets  are 
employed,  one  over  the  other,  building  up  an  insulating 
covering  which,  in  the  case  of  the  ^in.  section  main,  has  a 
thickness  of  ^in.  The  tube  so  covered  is  then  slipped  in  the 
outer  copper  tube,  and  the  outer  copper  tube  is  drawn  down 
through  a  die,  over  the  inner  copper  tube,  compressing  the  outer 
tube  and  the  insulation  tightly  together.  The  outer  copper 
tube  is  then  insulated  again  with  waxed  paper  rolled  up  over  it 
to  a  thickness  of  ^in.,  and  this  nsulated  pair  of  tubes  is  then 
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fllipped  into  an  iron  proteoting  tube,  which  nearly  fits  it,  and 
molten  wax  is  forced  in,  to  fill  ap  the  interspace  (tee  Fig.  137). 
The  tnbet  bo  prepared,  in  lengths  of  20ft,  are  then  pnt  into  a 
Uthe  otpeouliar  oonatmction,  and  the  ends  tamed  down  in  such 
a  manntr  that  one  end  is  tapered  off  into  a  cone,  a«  shown  In 
Fig.  138.  The  itunilafing  material  being  tapered  down  from 
the  end  of  the  outride  copper  to  the  end  of  the  inride  ooppv 
which  ivajectB  some  way  b^rond  t^  onter  tube.  The  other 
end  of  tlie  main  is  turned  down  into  a  reoeesed  or  hollow  cone, 
at  shown  In  £^g.  138,  tlie  two  conea  being  cut  to  precisely  the 


Fio.  136.— Fnll-UMd  Seclioosl  Drtwing  of  Famoti  ^mnk  Hain. 
din  Section.) 

same  angle,  so  that  the  outside  ome  at  the  end  of  one  mun  wQl  fit 
into  the  reoeaud  cone  at  the  end  of  another  one.  The  connec- 
tion between  the  two  inride  tubes  is  made  by  forcing  in  a  ooppn 
rod  a  («w  Pig.  1 39),  which  is  prevented  from  going  in  more  than 
a  certain  length  by  a  little  shoulder  on  the  inner  copper  tube. 

In  laying  these  muns,  the  process  ot  making  the  joint  is  as 
follows: — 

The  30-feet  lengths  ot  main  ora  laid  down  underground  in 
wooden  boxes,  afterwards  to  be  filled  in  with  pitch,  and  the 
mains  ore  separated  by  means  ot  wooden  bearers.  The  lengths 
of  main  having  been  laid  down  in  the  proper  direction,  a  ooppa 
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and  an  iron  sleeve  are  slipped  on  over  one  end  of  the  main.  The 
eopper.  rod  is  then  pushed  into  the  open  end  of  the  inner  tube^ 
and  the  two  inter-fitting  cones  of  two  lengths  of  the  main  are 
forced  together  by  an  hydraulic  press ;  the  copper  rod  is  rammed 
half  into  one  inner  tube,  and  half  into  the  other^  and  forms  a 
good  electrical  connection  between  the  two  inner  copper  tubes. 
The  copper  sleeve  is  then  drawn  over  so  as  to  connect  together 
the  twd  Outer  copper  conductors,  and  is  corrugated  on  to  them 
by  means  of  a  peculiar  tool,  which  comprcdses  together  the  outer 
tDopper  member  of  each  20-foot  length  and  the  copper  tubular 
sleeve  which  connects  them  together.  This  tubular  sleeve  is 
represehted  by  F  in  Fig.  139.  In  the  same  way  the  iron  sleeve 
G  is  then  drawn  over  and  corrugated  on,  connecting  together  the 


Fia.  140. — Sectional  elevation  of  Street  Bo& 

iron  tubes  of  two  adjacent  20-foot  lengths,  and  the  interspace  I 
between  the  iron  outer  tubular  sleeve  and  the  inner  copper 
sleeve  is  filled  in  with  mdted  wax,  forced  in  through  a  screw  hole 
H,  which  is  afterwards  closed.  In  this  way  a  joint  is  made  in 
which  the  insulation  between  the  outer  and  inner  copper  tubes 
is  approximately  continuous,  because  the  waxed  paper  cones 
weld  together  under  the  pressure  in  such  a  manner  that  they 
require  very  considerable  force  to  pull  them  apart.  In  order  to 
allow  for  expansion,  bends  are  placed  at  intervals  with  a  slight 
double  curvature  of  an  S  shape.  The  wood  troughing  in  which 
the  mains  are  laid  is  then  fiUed  up  with  pitch  and  a  wooden 
cover  is  laid  over  it.  At  intervals  in  the  main  street,  test  boxes 
are  inserted  so  that  certain  lengths  of  the  main  can  be  isolated 
for  the  testing.  This  street  box  is  shown  in  elevation  in  Fig.  140. 
The  ends  of  the  cables  are  brought  into  the  box  at  opposite 
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«Ddi,  through  stuffing  boxes,  and  the  inner  copper  members  are 
approaohed  to  within  a  short  distanoe.  The  innn  copptt  mem- 
ben  an  then  oonneoted  tc^ether  b^  meaua  of  a  crank-shaped 
OOppor  connection,  so  made  that  b;  slackiDg  the  nnts  the 
crank  pin  can  be  ^tbdrawn,  and  the  maina  disconnected. 
The  ocHineotion  between  the  outer  oondnctora  Is  made  b;  a 
copper  olamp,  which  is  wrapped  over  with  waxed  paper  td 
insulate  it  from  the  box.  The  cover  of  the  box  is  then  bolted 
on,  the  box  edgea  and  oover  being  tooled  to  true  surfaces.  The 
box  is  finally  pumped  full  of  heavy  resin  oil.  A  junction  is 
thus  e^ted,  oapaUe  of  easy  disconneotion,  and  jet  of  with- 
standing  10,000  volts  or  mon,  and  which  is  always  able  to  be 


Fia  141.— Farranti  Hain,    T  iouxi. 

uncoupled  very  quickly  for  the  purposee  of  isolating  and  testing- 
oert^n  lengths  of  main.  In  oases  where  the  junction  has  to  be 
•ffeotfld  at  right  angles  a  T- joint  box  is  employed  of  a  very 
^milar  deeoription.  The  box  parts  along  the  middle  line,  and 
the  ends  of  the  mains  to  be  connected  are  brought  in  through 
three  stuffing  boxes  ;  a  junction  is  effeoted  between  the  hiner 
members  by  a  sorew  bdt  which  screws  through  the  inner 
copper  member  of  the  m^n,  and  into  the  end  of  the  inner 
copper  member  of  the  offset.  Waxed  paper  insulation  is  then 
Wrapped  round  this  part,  and  the  connection  between  the  three 
outer  oopper  members  is  made  by  a  copper  foi^,  clamped  on  as 
is  shown  in  Fig.  141.  When  the  joint  is  made  the  box  k^ 
pumped  full  of  resin  oil. 
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§  38.  The  London  Electric  Supply  Corporation's  Deptf<»d 
Station. — ^The  Deptford  Station  of  the  London  Eleotrio  Supply 
Corporation  was  designed  by  Mr.  Ferranti  with  the  objeot  of 
supplying  a  large  area  of  the  Metropolis  with  alternating 
eleotrio  current  from  a  station  situated  considerably  outside 
the  limits  of  the  area  to  be  served.  A  site  was  selected  by  the 
Corporatioui  on  the  banks  of  the  Thames,  not  very  far  distant 
fix>m  Greenwich  Hospital.  On  this  was  erected  station  build- 
ings, of  which  an  outline  plan  is  shown  in  Fig.  142.  The 
building  is  a  brick  and  stone  structure,  about  210  feet  in  length 
and  195  in  breadth.  The  engine  and  dynamo  room  is  divided 
into  two  bays,  separated  by  a  row  of  cast-iron  columns.  A 
longitudinal  girder  is  carried  down  both  sides  of  each  bayon 
the  tops  of  these  columns  as  well  as  on  the  wall  buttresses,  and 
supports  the  two  large  overhead  travelling  cranes,  each  capable 
of  lifting  50  tons.  The  traversing  and  motion  gear  of  these 
cranes  is  operated  by  ropes,  worked  by  auxiliary  engines  on  the 
floor.  The  roof  is  an  iron  and  glass  structure,  the  distance  from 
floor  to  roof  being  100  feet  The  boiler-room  is  designed  to  con- 
tain two  tiers  of  Baboock  and  Wilcox  water-tube  boilers.  Of 
these  the  lower  tier  of  twenty-four  boilers  are  already  in  place. 
At  each  end  of  the  boiler-room  rises  a  smoke  stack,  the  feature  of 
which  is  that  it  is  divided  into  four  separate  shafts  by  partitions, 
and  each  batch  of  six  boilers  sends  its  furnace  gases  into  one 
quarter  of  the  chimney«  The  height  of  the  shafts  is  150  feet 
The  feed-water  supply  is  taken  from  a  large  tank  capable  of 
holding  800,000  gallons  of  water.  The  feed  pumps  are  in 
duplicate,  and  are  placed  in  the  engine-room. 

The  boilers  are  each  nominally  of  500  horse-power,  and  are 
arranged  in  four  batches  of  six  each.  Beneath  the  boilers  is 
placed  a  foroed  draught  engine  to  facilitate  steam  generation 
during  sudden  loads.  The  ooal  for  these  furnaces  is  landed  at 
the  wharf  from  the  river,  and  then  tiansf erred  by  means  of  a 
travelling  locomotive  crane  from  the  river  side  direct  to  the 
ashpits  by  means  of  a  line  of  railway  which  runs  right  down 
the  centre  of  the  boiler  and  engine  house.  A  noteworthy 
feature  of  the  steam  supply  system  is  the  **  multiple  "  steam 
pipe,  employed  to  obviate  the  risks  incurred  by  the  use  of  single 
steam  piping  of  large  diameter.  In  oonsequenoe  of  a  serious 
accident  by  the  explosion  of  a  bend  in  a  copper  steam  pipe  at 


DimnBtmoN  of  elbotsioal  shbbot  bt  tiunsfobiibbs.  323 


I! -J4^m^ 


FKb  14&— Plan  of  the  Deptfori  Electric  Uf^ting  Stetko. 
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Deptford,  Mr.  Ferraoti  ioTented  a  syataia  of  steam  [upui^ 
whioh  is  In  a  high  degree  &ee  from  the  usual  risks.  It  oonaUtB 
In  forming  a  large  pipe  of  a  buaoh  of  smaller  solid  drawn  oopper 
tubes. 

It  is  possible  that  this  idea  of  bunohing  pipes  together  may 
not  be  altogether  new,  but  the  great  difficulty  would  natuntUy 
be,  in  an  ordinary  way,  how  to  fix  the  pipes  into  suitable 
flanges.  Brazing  would  probably  have  to  play  an  important 
part,  and  the  risk  of  rupture  or  explosion  would  be  multiplied 
by  exactly  the  number  of  pipes  used  in  the  construction  of  the 
bunch. 

Mr.  Feiranti,  therefore,  at  onoe  appears  to  have  discarded 
any  idea  of  brasing  his  pipes  mto  the  flauges,  and  adopted^ 
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after  one  or  two  ezperiments,  a  new  system.  All  ppes  are 
expanded  into  the  fltu^es,  and  single  pipes  are  connected  with 
as  few  flanges  as  possible,  and  this  possible  is  reduced  to  a 
minimum  by  the  adoption  of  a  joint  consisting  of  a  sIssto 
arrangement.  Two  lengths  of  solid  drawn  copper  pipe,  of  any 
suitable  diameter,  have  a  certain  number  of  rings  corrugated 
<m  their  surface  close  to  the  end,  the  corrugations  being  to  a 
pitch  which  has  been  determined  upon,  and  to  a  depth  which 
is  definite.  The  two  ends  of  the  pipes  thus  corrugated  are 
then  placed  "  end  on  "  to  each  other,  and  a  alecve  of  oopper, 
a  sliding  fit  over  the  pipes  and  sufficiently  loi^  to  well  cover 
all  the  corrugated  rings,  is  drawn  over  the  joint  (m«  Fig.  143). 
This  sleeve  is  then  corrugated  down  into  the  gtoovea  in  the 
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inside  pipes,  and  without  any  mandril  bein^  used  a  perfeotlj 
steam-tight  connection  is  made.  A  test  to  which  this  style  of 
joint  was  subjected  was  as  follows :— The  two  tubes  were  each 
4in  external  diameter,  and  were  of  ^in*  in  thickness ;  five  ooiw 
tttgations  ^in.  deep  were  made  in  each ;  these  rings  having 
a  pitch  of  lin.  The  corrugated  ends  of  these  pipes  were 
then  inserted  into  an  outer  copper  sleeve  ^in.  thick  and 
12in.  long,  which  was  a  sliding  fit  on  the  pipes.  The  sleeve 
was  then  corrugated  down  into  the  corrugations  already  ex- 
isting in  the  inner  tubes,  and  the  ends  of  the  pipes  were 
next  fitted  into  their  connecting  flanges  and  fixed  therein. 
Such  a  joint  was  subjected  to  hydraulic  pressure  up  to  2,0001b8. 
on  the  square  inch,  without  causing  the  joint  to  break  at  the 
sleeve.  The  connecting  flanges  are  about  2in.  thick,  and  have 
two  groo\£8  turned  in  them  to  a  standard  gauge,  the  grooves 
being  about  /^in.  deep,  and  fin.  broad.  The  flanges  are  a 
tight  sliding  fit  over  the  ends  of  the  tubes,  and,  having  been 
slipped  to  their  place,  a  special  expanding  tool  is  introduced 
into  the  tubes,  and  the  tube  is  rolled  or  corrugated  into  the 
grooves  in  the  flanges,  and  makes  a  very  tight  firm  joint  If 
any  of  the  end  of  the  tube  overhangs  the  flange,  it  is  next 
trimmed  up,  and  the  thing  is  finished ;  the  whole  operation  of 
affixing  a  flange  occupying  about  one-third  the  time  taken  by  a 
first-class  coppersmith  in  brazing  an  ordinary  old-fashioned 
flange  on  to  a  tube  of  similar  dimensions.  In  making  main 
steam-pipe  seven  smaller  solid  drawn  copper  tubes  are  fixed  into 
common^  flanges  {see  Fig.  144).  The  seven  pipes,  having  been 
fitted  into  the  holes  for  them  in  the  flange,  are  corrugated, 
and  finally  fixed  exactly  in  the  same  manner  as  is  the  single 
pipe  in  the  small  flange  described  above ;  and  when  a  length 
of  pipe  is  finished  with  its  pair  of  flanges,  it  is  subjected  to 
what  is  considered  a  test  pressure  sufficient  to  prove  the  work- 
manship of  the  corrugating.  The  pipes  and  bends  being 
all  of  heavy  and  solid  drawn  oopper  may  generally  be  taken, 
considering  their  small  diameter,  to  be  beyond  reproach,  so 
far  as  safely  withstanding  any  working  pressure,  however 
high,  is  concerned  (gee  Fig.  145).  The  peculiar  box  flange^ 
and  which  is  known  as  a  ''  special "  A  flange,  is  used  where  the 
end  of  a  line  of  multiple  steam  pipes  is  to  be  joined  to  the 
Steam  drum  of  the  boiler?,  to  a  stop  valve,  or  to  the  valve 
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Oasing  of  the  engines,  and  the  [upes  are  fixed  into  it  in  the  same 
manner  as  into  the  ordinaty  standard  multiple  flange. 

In  its  uncovered  state  the  Ferranti  pipe  has  this  disad- 
Tantage,  that  it  has  much  in  common  with  a  surface  con* 
denser,  but  it  is  easily  covered,  and  then  there  is  no  practical 


Fia.  144.— Ferranti  Multiple  Steun  Pipe  and  Flange. 


disadvantage  due  to  the  increased  area  of  surface,  against 
which  the  steam  must  brush.  As  a  matter  of  fact,  there  is  at 
Deptford  one  multiple  pipe  which  delivers  steam  to  a  pair  of 
700  horse-power  engines  130  feet  away  from  the  boilers  with  a- 
loss  of  not  more  than  five  per  cent,  of  pressure.    If  there  is^ 
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therefore,  cothing  to  be  found  in  this  objection  wbioh  theorists 
might  raise  to  the  multiple  pipe,  then  sll  we  can  say  is  that  - 
th«  praodoal  advantages  are  many  and  great ;  and  a  few  of 
these  advantages  appear  to  us  to  be  : — 

1.  An  enormously  reduoed  probability  of  explosion,  due  to  - 
the  veiy  great  increase  in  atiengtb  of  the  multiple  over  the 
single  pipe,  for  the  same  area. 

2.  In  the  event  of  explosion,  the  absence  o^  or  much  mini-  - 
mised  danger  of  damage  to  life  or  property,  owing  to  the  fact 
of  the  small  flow  of  steam,  by  the  faUure  of  one  small  pip^ 


Fio.  145.— Bend  of  Femuiti  bteam  Pips. 

for  we  oannot  r^ard  the  failure  <d  more  than  one  pipe  as 
bung  at  all  probable. 

3.  The  ease  and  oertEunty  of  obtaining  tubes  of  a  uniform 
thickness  throughout,  the  increase  in  strength  of  solid-drawn 
pipes  due  to  the  drawing  operations,  and  the  obtaining  ct 
copper  of  a  definite  standard  condition. 

4.  The  elimination  of  most  of  the  objections  to  brazed  pipes, 
as  there  will  be  no  thinning  of  the  metal  at  any  point,  no 
weakening  due  to  over-heating,  and  no  draining  of  molten 
spelter  through  the  joint.  Beyond  this  the  serious  danger  of 
producing  incipient  flaws  when  planishing  or  scarfing  the  edges 
ot  the  copper  plate  is  entirely  obviated. 
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G»  The  great  mcrease  in  the  flexibility  of  the  benda^  &o., 
and  the  oonseqaeut  ease  in  making  due  and  sufficient  allow- 
ance for  expansion  and  contraction. 

All  the  steam  piping  at  Deptford  is  erected  on  this  qTStem, 
and  has  reduced  the  usual  risks  of  large  steam  pijpes  and  bends 
to  a  minimnm  quantity.  The  steam-generating  plant  deliyers 
steam  to  four  engines  at  present  erected  (1891)  in  the  engine- 
room,  vis.,  two  of  1,500  horse-power  and  two  of  700  horse- 
power. Our  illustration  (Fig.  146)  shows  a  view  of  one  of 
the  1,500  horse-power  engines  and  dynamgs.  These  engines 
are  all  compound  Corliss  engines,  built  by  Hicks,  Hargreayes, 
and  Co.,  of  Bolton.  The  two  smaller  engines  are  horizontal 
engines  with  tandem  cylinders.  The  flywheel,  weighing  35 
tons,  is  24  feet  in  diameter,  and  drives  its  associated  dynamo 
by  17  ropes  running  in  grooves  in  the  flywheel  edge.  The 
larger  engines  (1,500  horse-power)  are  vertical  engines,  having 
a  flywheel  22  feet  in  diameter,  and  weighing  60  tons,  slung 
on  swivel  bearings  between  the  high-pressure  and  low-pree- 
sure  cylinders.  The  stroke  of  these  engines  is  four  feet 
The  low-pressure  cylinder  is  56  inches  in  diameter,  and  the 
high-prQssure  28  inchea  The  driving  power  is  transmitted 
to  the  dynamo  by  40  five-inch  ropes,  running  in  grooves 
in  the  periphery  of  the  flywheel.  The  dynamos  driven  by 
these  engines  are  of  the  form  described  in  a  previous  section. 
The  two  700  horse-power  engines  drive  each  a  625  horse-power 
alternating-current  dynamo,  which  generates  current  at  2,400 
volts,  and  this  .pressure  is  raised  to  10,000  volts  by  means  of 
step-up  transformers.  The  fields  are  excited  by  means  of  a 
Siemens  direct-current  dynamo,  driven  by  rope  gearing  from 
the  dynamo  shaft  These  exciters  furnish  current  at  100  volts 
up  to  98  or  100  amperes,  which  is  the  maximum  exciting 
current  required.  The  exciting  current  required  is  varied 
by  a  rheostat  which  throws  in  resistance  into  the  exciter 
circuit  This  rheostat  is  manipulated  from  the  main  switch- 
board. 

The  alternators  have  forty  field  poles  on  each  side,  and  the 
field  coils  are  connected  in  eight  sets  of  ten  each,  the  eight  sets 
being  joined  in  paralleL  The  speed  of  the  armature  is  250 
revolutions  per  minute,  and  it  consists  of  forty  bobbins.  The 
width  of  the  armature  strip  is  five-eighths  of  an  inch.    Each  of 
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tbe  bobbins,  therefore,  generates  120  volts,  since  the  bobbins  ar» 
joined  in  two  equal  series  in  parallel.  The  oorrent  comes  out 
at  two  collector  rings  fixed  on  the  shaft.  The  grooyed  djnama 
pttllq^  is  slung  between  two  massive  bearings,  which  are  sell- 
oiling.  The  part  of  the  shaft  which  overhangs  the  inside 
bearing  carries  the  gun-metal  hub,  which  forms  the  basis  of  the 
armature.  The  bobbins  are  carried  on  bobbin-holders  insulated 
with  porcelain  shank  insulators,  and  the  bolts  of  the  bobbin* 
holders  are  cemented  with  sulphur  cement  into  the  hub  as 
before  described.  These  machines  can  furnish  a  maximum 
current  each  of  200  amperes  at  2,400  volts.  The  current  at 
this  pressure  is  passed  through  four  to  one  step-up  trans* 
formers,  and  raised  to  10,000  volts.  These  machines  are 
used  at  present  (1891)  for  the  daylight  load,  and  for  light 
loads  during  the  night. 

The  two  larger  dynamos  are  each  of  1,250  horse-power,  and 
generate  current  directly  at  10,000  volts.  In  these  machines, 
of  which  an  enormous  grooved  pulley  {tee  Fig.  127)  is  the  most 
striking  feature,  the  armature  consists  of  48  bobbins,  and  is 
about  13  feet  in  diameter  over  all,  and  the  bobbins  are  one 
inch  in  width.  The  field  magnets  have  48  field  poles  on  each 
side,  and  the  two  halves  of  the  field  magnets  can  be  slid  on  the 
bed  plate,  so  as  to  separate  the  parts  and  expose  the  armature. 
This  movement  is  effected  by  a  small  auxiliary  engine.  The 
field-pole  coils  consist  of  copper  strip  insulated  with  vulcanized 
fibre  put  between  the  layers.  The  exciting  current  is  about 
400  amperes  at  50  volts.  These  armatures  are  driven  at  208 
revolutions  a  minute,  and  can  furnish  a  maximum  current  of 
100  amperes  at  10,000  volts,  or  sufficient  to  maintain  30,000 
30  watt  lamps.  The  height  over  all  of  each  of  these  machines 
is  14  feet  6  inches.  In  order  to  prevent  lateral  dischaige  of 
the  armature,  the  faces  of  the  field  poles  are  covered  with  a 
pair  caps  of  ebonite  or  woodite.  These  caps  are  each  tested  to 
15,000  or  20,000  volts,  and  then  held  firmly  on  the  faces  of 
the  field  poles.  But  for  this  arrangement,  the  high  tension 
would  cause  the  armature  to  discharge  against  the  fields.  The 
current  is  led  out  of  one  side  of  the  armature  by  a  copper  rod 
insulated  in  the  interior  of  the  armature  shaft  by  an  ebonite 
tube.  The  other  end  of  the  armature  is  in  conducting  con- 
nection with  the  frame  of  the   machine.     One  pole  of  the 
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xnaobine  is  thus  always  *'to  earth''  and  the  other  pole  or 
"  liye  pole ''  is  insiilated  and  sends  current  through  the 
oolleotor  rmgs  to  the  mains.  The  collector  rings  are  on  the 
end  of  the  shaft  opposite  to  the  pulleji  and  are  endosed  in  a 
glass  panelled  box  for  safety. 

Special  attention  has  been  paid  to  the  lubrication  of  the 
machines.  At  one  end  of  the  shaft  is  a  double  set  of  oil- 
pumping  gear,  which  forces  oil  through  the  bearings  and 
circulates  it  round  through  a  filter  back  into  the  tank. 
The  main  bearings  are  cast  hollow  and  can  have  water 
forced  through  them  if  required.  The  exciting  current 
for  these  two  1,250  horse-power  dynamos  is  furnished  from 
three  slow-speed  Kapp  dynamos,  direct  driyen  by  compound 
Allen  engines  at  200  revolutions  per  minute.  These  exciters 
are  placed  along  the  wall  in  the  immediate  neighbourhood 
of  the  large  dynamos.  The  switchboard  arrangements  are 
as  follows: — ^The  main  current  from  the  two  large  dynamos 
and  the  main  current  from  the  two  smaller  ones,  after  being 
raised  to  10,000  volts  by  the  step-up  converters,  is  brought 
to  a  switchboard,  placed  between  the  two  large  dynamos. 
Underneath  this  switchboard  are  the  resistances  for  regulating 
the  exciting  current  for  all  four  dynamos.  These  resistances 
are  worked  by  long  ebonite  rods  and  shifting  contacts,  from  the 
insulated  platform  of  the  switch.  There  are  four  main  long- 
break  switches  which  close  the  circuit  of  these  dynamos  on  to 
an  omnibus  bar.  The  pressure  on  this  omnibus  bar  is  measured 
by  100  to  1  step-down  transformer,  called  pilot  transformers, 
attached  on  the  low-pressure  side  to  Cardew  voltmeters. 
Each  machine  can  be  synchronised  with  respect  to  the  omnibus 
bar  by  its  own  separate  synchronising  transformer.  From 
the  omnibus  bar  proceed  four  trunk  mains  of  the  Ferranti 
tubular  form.  These  mains  run  to  the  four  distributing 
stations  in  London,  viz.,  Grosvenor,  Trafalgar,  Blackfriars, 
and  Pimlico  stations.  The  approximate  length  of  each  main 
is  six  miles. 

The  dynamos  contribute  their  current  in  parallel  on  to  the 
omnibus  main,  and  the  current  is  then  transmitted  at  10,000 
volts  to  the  sub-stations.  At  these  localities  it  is  reduced 
to  2,400  volts  in  pressure  by  means  of  sets  of  150  horse-power 
reducing  transformers,  and  the  reduced  current  is  supplied 
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to  transformerB  placed  in  the  customers'  premises,  which  still 
farther  reduce  the  pressure  to  100  volta. 

The  system  of  distribution  adopted  is  one  in  which  the  outer 
<x>nduotora  d  the  concentric  Ferranti  trunk  mains  and  the 
outer  conductors  of  the  concentric  Siemens  or  Fowler-Waring 
intermediate  cables  "are  kept  ''to  earth"  at  the  generating 
ends. 

Thus  at  Deptford  one  pole  of  the  omnibus  bar  is  "  to  earth  " 
and  the  outer  conductors  of  the  four  trunk  mains  are  therefore 
iilao  to  earth.  At  the  distributing  stations  the  outer  surfaces 
of  the  intermediate  cables  which  carry  the  current  at  2,400 
Yolts  are  ''  to  earth."  The  iron  cores  and  frames  of  sub-station 
transformers  are  also  ''to  eartL" 

The  object  of  this  "  earthing  system "  is  to  preyent  any 
sudden  alteration  of  pressure  on  the  inner  or  lire  side  of  the 
main.  If  a  dynamo  has  both  poles  insulated,  then  assuming  it 
to  be  giving  a  mean  potential  difference  of  10,000  volts,  eaoh 
pole  is  alternately  5,000  volts  above  and  5,000  volts  below  the 
earth  in  potential.  If,  by  any  means,  one  pole  of  the  dynamo 
is  put  to  earth,  the  potential  change  of  the  other  pole  will  be 
altered,  and  will  change  from  10,000  volts  above  to  10,000 
volts  below  the  earth.  Sudden  variations  of  pressure  might 
thus  take  place  over  great  ranges  due  to  accidental  earthing  of 
one  side.  This  is  avoided  by  having  one  side  permanently 
earthed.  Further  reference  will  be  made  to  this  matter  in  the 
next  chapter. 

Both  on  the  switchboard  at  Deptford  and  at  the  distributing 
station  there  is  a  complete  system  of  high-tension  fuses.  Fine 
tinned  copper  wire,  about  No.  40  gauge,  is  cut  into  three-foot 
lengths,  and  bunches  of  this  wire,  according  to  the  current 
to  be  carried,  is  fixed  centrally  in  toughened  glass  or  stone- 
ware tubes  by  metal  stoppers  at  the  end  of  .the  tube.  These 
stranded  fuse  wires  are  then  inserted  in  the  circuit  by  pushing 
the  tube  into  a  position  when  it  is  held  at  top  and  bottom  by 
spring-pressure  pieces.  In  inserting  or  removing  a  high-ten- 
sion fuse  in  a  10,000  volt  circuit  a  sort  of  ebonite  sugar  tongs 
are  used  to  hold  the  tube.  The  sub-station  transformers  are 
protected  both  on  the  10,000  volt  and  on  the  2,400  volt  sidee 
by  similar  appropriate  fuses,  and  the  circuits  opened  by  long 
break  switches  placed  in  series  with  the  fuses. 
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In  the  aab-fltations  are  placed  Bets  of  the  150  hone-power 
transformers,  which  can  be  connected  mi  desired  on  the  high- 
tension  side  to  one  or  other  of  the  trunk  mains  which  enter 
the  station.  On  the  other  side  they  can  be  connected  as 
necessary  to  the  intermediate  mains.  Furthermorei  the  four 
transformer  stations  are  inter-conneotedy  so  that  one  can  help 
the  other.  In  these  transformer  stations  measuring  instru- 
ments show  the  current  and  pressure  on  each  side  of  the  trai^- 
formers.  The  sub-stations  themselves  ara  fire-proof  chambers, 
haying  channels  in  the  floor  to  receive  th^  incoming  and  out- 
going cables.  The  necessary  switch  gear  is  erected  against  the 
walls  and  in  the  centre  of  the  room. 

This  switch  gear  may  be.  more  generally  described  as  con- 
sisting of  a  series  of  slate  slabs  placed  vertically,  which  form  a 
set  of  spaces,  in  each  of  which  is  placed  one  long  break  switch 
and  the  corresponding  high-tension  fuse.  The  switches  are 
worked  by  long  handles,  and  make  two  sharp  breaks  of  about 
12  inches  each  in  the  circuit.  The  transformers  are  installed 
along  the  sides  of  the  room,  and  the  act  of  pushing  the  trans- 
former into  its  place  makes  the  necessary  contacts  on  the  earth 
side  of  the  outgoing  or  low  pressure  (2,400  volts)  cable.  The 
circuit  is  then  completed  by  inserting  the  fuse  tube  and  dosing 
the  switch.  The  high  pressure  connections  to  the  10,000 
volt  cables  are  made  also  through  fuse  tubes  and  special  long 
break  switches,  which  break  the  circuit  in  four  places  at  a 
high  speed. 

§  39.  Hayre  Central  Station. — ^Mr.  Ferranti  has  also  supplied 
the  machinery  for  Havre  electric  lighting,  as  carried  o.ut  by  the 
Soci^t^  de  TEnergie  Electrique,  which  has  obtained  ^  forty 
years'  concession,  during  the  first  fourteen  of  which  they  were 
given  exclusive  rights.  The  central  station  is  near  the  nulw^y 
station,  and  in  close  proximity  to  coal  yajrds  and  to  the  sea* 
whence  it  is  proposed  to  draw  the  water  necessary  for  con- 
densing purposes.  The  plant  at  present  comprises  four 
Berendorff  boilers,  {working  at  llilbs.  pressure;  twp  sipglie- 
eylinder  Corliss  engines,  taking  steam  at  861bB«  pressure,  and 
eapable  of  developing  350  horse-power  or  450  horse-pows.^  at 
one-ninth  and  four-tenths  cut-ofif  respectively ;  two  224.  kilowatt 
Ci%iQO  volts)  Ferranti  alternators,  excit^  by  smi^  six-poje 
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Sautter-Lemonnier  machines  mounted  on  the  same  bed-plate. 
The  dynamos  are  driyen  direct  through  rope  gearing  (10  ropes 
l*4in.  diameter).  Each  engine  is  fitted  with  a  fly-wheel  22ft. 
in  diameter,  and  weighing  15  tons.  Special  arrangements  are 
made  for  running  non-condensing  in  times  of  neap  tides,  and 
when  otherwise  necessary.  Great  attention  has  been  paid  to 
securing  efficient  lubrication.  A  small  pump  fitted  to  each 
dynamo  takes  the  lubricant  from  the  large  reservoir  in  the 
pedestal,  which  holds  some  l,8001bs.  of  oil  and  forces  it  into 
the  bearings  at  a  considerable  pressure. 

§  40.  Ferranti  Stations  in  France  and  elsewhere.— Many 
electric  stations  in  France  are  employing  Ferranti  dynamos 
and  distributing  alternating  currents.  In  Paris,  in  the  HcMes 
Centred^  there  are  three  Ferranti  150  horse-power  alternators, 
driven  by  Lecoutreux  and  Gamier  horizontal  Corliss  condensing 
engines  by  cotton-rope  gear.  The  lighting  comprises  120  arcs 
and  3,000  incandescents.  At  Nancy  there  is  a  similar  plant 
of  alternators,  driven  by  two  Armington  and  Sims  non-conden- 
sing engines  and  one  Corliss  engine,  and  the  lighting  under- 
taken is  4,600  16  candle-power  incandescents.  At  Melun  abo 
three  150  horse-power  Ferranti  machines  give  current  for  4^500 
incandescent  lamps,  the  dynamos  being  driven  by  compound 
condensing  Corliss  engines.  At  Troyes,  Sens,  Retheli  Ntmes, 
Dijon,  St.  Cere,  Cannes,  and  Auxerre  there  are  Ferranti  plants 
at  work  doing  incandescent  lighting. 

In  South  America,  at  La  Plata,  Rosario,  and  Buenos  Ayres, 
also  Ferranti  alternators  are  employed  for  public  and  private 
lighting. 

Mr.  Ferranti  prefers  generally  to  adopt  a  Corliss  engine  and 
to  drive  by  cotton  ropes,  but  where  engine-room  space  is 
valuable  direct  driving  by  Willans  or  other  high-speed  engines 
can  be  undertaken^ 

§  41.  Other  Traasfoirmer  87Bt6m8.--The  descriptions  given 
in  the  above  sections  of  this  chapter  by  no  means  exhaust  aU 
the  forms  of  alternators  and  transformers  in  actual  use.  The 
great  firms  of  Schuckert  of  Nuremberg,  and  Siemens  of  London 
and  Berlin,  for  example,  have  complete  systems  of  altemate- 
oorrent  machinery.     The  appropriate  limits  of  the  present 
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chapter  would  be  exceeded  if  detailed  desoriptions  of  all  theae 
were  given,  but  reference  will  be  made  further  on  to  special 
forma  of  transformers  designed  by  them.  The  descriptions 
above  given  provide  the  reader  with  information  as  to  a 
number  of  typical  systems,  but  the  progress  of  invention  is 
so  rapid  as  almost  to  defy  any  attempt  to  place  a  complete  and 
final  account  of  aU  transformer  systems  on  record. 


CHAPTEE  IIL 


ALTERNATE  CURRENT  ELECTRIC  STATIONS. 

§  1.  The  General  Design  of  Alternating  Onrrent  Stations. 
Uotiye  Power.  Selection  of  XJniti — In  the  general  design  of 
a  system  of  electric  supply  by  alternating  currents,  as  at  present 
carried  out,  many  considerations  have  to  guide  the  engineer  in 
the  selection  of  a  suitable  site,  and  in  the  choice  of  the  motive 
power  and  the  arrangement  of  the  generating  plant  At  the 
present  time  (1891)  the  selection  of  a  system  of  electric  supply 
to  be  adopted  for  electric  lighting  of  towns  is  practically  limited 
to  one  of  two  systems.  First,  the  system  of  direct  supply,  with 
or  without  secondary  batteries,  on  the  two,  three,  or  five  wire 
systems;  and,  secondly,  the  system  of  alternating  current 
gupply,  including  the  so-called  rotary  field  (Drehstom)  systems, 
on  the  general  lines  of  one  or  other  of  the  plans  described  in 
the  previous  chapter. 

The  system  of  two-wire  direct  current  low-pressure  supply 
is  one  Uiat  is  suitable  for  small  districts  in  which  the  light- 
ing is  dense,  and  in  which  the  supply  station  can  be  placed 
approximately  in  the  centre  of  the  district  to  be  lit.  Experience 
shows,  however,  that  the  economical  limits  of  such  a  system 
are  reached  when  the  mean  length  of  the  feeders  is  some  300  or 
400  yards.  By  the  three-wire  system,  as  developed  by  Mr. 
Edison  and  Dr.  Hopkinson,  the  system  of  low-pressure  supply 
can  be  economically  conducted  when  the  mean  length  of  the 
feeders  is  from  half  to  three-quarters  of  a  mile.  The  five-wire 
system  is  applicable  up  to  a  mean  distance  of  one  mile.  Beyond 
this  distance,  we  are  practically  limited  to  a  system  of  supply 
6ased  upon  alternating  currents  and  transformers.  Assuming, 
then,  that  the  case  to  be  dealt  with  is  one  in  which  the  above 
facts  point  to  the  employment  of  the  alternating  current  system, 
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the  first  consideration  to  which  the  engineer  has  to  address 
himself  is  the  selection  of  a  suitable  site  for  the  station.  It 
will  generally  be  found  that  the  choice  is  limited  to  two  or 
three  positions,  and  that  questions  of  convenience,  price  of 
land,  access,  nuisance,  and  other  circumstances  bind  down  the 
engineer  to  the  selection  of  one  out  of  a  small  choice  of  pos- 
sible sites.  Assuming,  however,  that  an  option  exists  between 
one  or  more  positions  for  such  an  "eccentric  station,"  then  the 
following  considerations  should  have  due  weight  in  determining 
the  exact  choice  to  be  made. 

In  the  first  place,  the  selection  ought  to  be  governed  by  the 
consideration  of  convenience  of  access  for  coal  and  of  freedom 
from  creating  nuisance  by  smoke,  steam,  or  vibration.  At  the 
outset,  when  the  supply  from  such  station  is  small,  the  amount 
of  coal  and  other  stores  to  be  brought  into  it,  and  of  ashes,  ^., 
to  be  removed,  will  not  present  formidable  difficulties,  but  as  the 
station  grows  in  magnitude  this  will  prove  to  be  one  of  the  most 
serious  items  in  the  economical  management  of  such  a  station ; 
hence,  wherever  a  river-side  or  water-side  site  can  be  procured,  by 
which  coal  can  be  received  and  ashes  removed  by  water,  a  great 
advantage  is  secured,  even  omitting,  for  the  moment,  the  advan- 
tages of  condensation  of  exhaust  steam. 

As  every  thousand  units  of  electric  energy  sold  involves  a 
combustion  of  from  4  to  10  tons  of  coal  according  to  the  system 
of  alternating  current  supply  adopted,  it  is  obvious  that  con- 
venience for  handling  coal  and  discharging  ashes  is  of  para- 
mount importance,  and  that  interruptions  of  this  work  by  any 
oonditions  of  weather  ought  to  be  practically  impossible.  With 
this  object  the  engineer  will  naturally  provide,  under  these 
circumstances,  for  convenient  access  by  road;  also,  if  possible, 
a  connection  with  a  railway  siding,  and  will  see  that,  in  addi- 
tion, a  storage  for  coal  is  provided,  to  render  it  feasible 
to  purchase  and  store  two  or  three  months'  supply  of  coal, 
thus  rendering  the  station  independent  of  strikes  or  trade 
complications.  Assuming  that  such  water-side  site  is  pro- 
curable, the  next  question  is  the  general  design  of  a  station. 
In  this  matter  the  greatest  possible  mistakes  have  been 
made  in  many  existing  stations,  either  in  designing  them  on 
too  small  a  scale  at  the  beginning,  without  sufficient  provision 
and  arrangements  for  extension,  or  else  in  designing  them  at 
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fiiBt  on  too  large  a  scale.    The  object  to  be  aimed  at  should 
.  be  to  lay  down  the  station  on  such  general  lines  that  it  is 
'Capable  of  considerable  extension,  as  required,  withoat  in  any 
way  interfering  with  the  existing  plant  or  interrupting  the 
ourr^it  supply,  but  at  the  same  time  not  to  involve  the  enter- 
prise in  its  initial  stage  in  too  large  a  capital  outlay  in  buildings, 
on  which  at  first  no  adequate  return  can  be  made.    In  many 
•cases  electric  lighting  stations  have  been  put  up  in  a  small  and 
temporary  numner,  resulting  in  the  necessity  for  entire  rebuild- 
ing at  great  cost  and  inconvenience  when  the  demand  for  current 
passes  a  certain  limit.    Accordingly,  the  best  general  design, 
wherever  it  is  possible  for  such  stations,  is  an  arrangement  in 
which  the  building  is  gradually  extended  from  one  end  as 
required.     If  space  is  limited,  this  building  may  take  the  form 
of  a  single  building  of  several  stories,  engines  being  placed  on 
the  groimd  floor,  dynamos  on  the  floor  above,  and  boilers  on 
the  second  floor,  stores  and  offices  on  the  third  floor.     If  ground 
^pace  permits,  a  cheaper  building  can  be  constructed,  taking 
the  form  of  two  sheds,  lying  alongside  or  in  line  with  one 
another,  one  forming  the  boiler  house  and  the  other  the  engine 
and  dynamo  room,  arrangements  being  made  at  one  end  for 
stores,  offices,  fitting-shop,  <&c.    The  general  design  of  such  a 
•etation  calls  for  great  forethought  in  all  the  arrangements,  in 
order  to  reduce  in  every  way  the  amount  of  labour  required. 
Want  of   prevision  in  this  matter  results  very  often  in  the 
erection  of  a  station  in  which  there  is  a  considerable  waste  of 
labour,  and  this  is  an  important  item  in  proportion  as  Ehe 
station  grows  in  magnitude.    Assuming  that  a  careful  choice 
has  been  made  as  to  site,  having  regard  to  the  considerations 
above  mentioned,  the  next  matter  which  demands  careful  fore- 
thought is  the  choice  of  the  size  of  the  unit  of  power  and  of  the 
imit  of  steam  generating  plant,  in  other  words,  the  sizes  of 
boilers  and  the  engines.    On  this  question,  there  is  at  present 
considerable  diversity  of  opinion.     Some  engineers  prefer  to 
select  a  large  engine  unit,  guided  apparently  by  the  notion 
that  such  a  large  engine  unit  is  more  economical  than  a  number 
of  smaller  ones  of  equal  total  power.     This,  however,  has  by 
no  means  been  demonstrated  to  be  the  case.    Apart  from  any 
other  reasons  it  is  clear  that  if  the  current  supply  to  any  one 
section  of  a  district  is  wholly  dependent  upon  one  large 
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engine,  it  is  obvious  that  another  of  equal  size,  or  eqnivar 
lent,  must  be  provided  as  a  reserve,  and  henoe  50  per  cent* 
of  the  plant  is  always  idle.  If  the  unit  selected  is  a  smaUer 
one,  then,  provided  that  the  alternators  can  be  worked  in 
parallel,  it  is  possible  to  have  a  much  smaller  fraction  of  the 
engine  and  dynamo  plant  kept  idle  as  a  reserve.  Moreover,  a 
break-down  throws  out  of  use  a  much  smaller  proportion  of 
the  total  power.  The  same,  of  course,  applies  to  the  boilers* 
Owing  to  the  general  nature  of  the  load  diagram  of  the  ordinaiy 
electric  lighting  supply  station,  the  maximum  demand  for 
current  is  very  many  times  greater  than  the  mean  demand,  and 
moreover  the  maximum  demand  from  most  supply  stations* 
exists  only  for  a  very  small  fraction  of  the  whole  24  hours. 
The  ratio  between  the  total  number  of  units  sent  out  from  the 
station  in  the  24  hours  to  the  amount  which  would  be  sent  out 
if  the  plant  were  working  at  its  full  capacity  for  the  whole  24 
hours  is  conveniently  called  the  diurnal  load  factor  of  the 
station;  and  the  ratio  between  the  units  sent  out  from  the 
station  in  one  year,  and  the  total  amount  which  would  be  sent 
out  if  the  machinery  worked  always  at  its  full  power,  is  called 
the  annwd  load  factor.  Experience  shows  that  the  annual  load 
factor  for  an  electric  supply  station,  sending  out  currents  for 
lighting  purposes  alone,  is  not  more,  in  general,  than  eight  or 
ten  per  cent.  Accordingly,  as  is  now  well  known,  the  great  diffi- 
culty that  the  electric  engineer  has  to  contend  with  is  the  fact 
that  for  large  periods  of  the  24  hours  the  generating  plant  is  very 
lightly  taxed,  and  under  these  circumstances,  unless  it  is  properly 
subdivided,  the  efficiency  of  generation  will  be  very  smalL 

In  the  selection  of  boilers  the  choice  lies  either  between  the 
boilers  of  the  water-tube  type,  one  of  the  locomotive  forms,  a 
modified  marine  boiler,  or  the  well-known  Lancashire  boiler. 
The  general  cause  of  the  small  average  net  evaporative  du^ 
of  boilers  in  stations  having  a  small  load  factor  is  the  necessity 
for  lighting  and  firing  up  the  several  boilers  for  only  short 
periods  during  the  evening,  so  that  there  is  an  immense  waste 
of  heat  from  radiation  and  conduction  as  the  boilers  cool  down 
after  having  been  thrown  out  of  use ;  such  losses  are  of  course 
increased  when  there  are  large  masses  of  brickwork  in  direct 
contact  with  the  fuel  which  have  to  be  heated  up.  For  this 
reason  many  engineers  give  the  preference  to  forms  of  internal 
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firing  boQen,  Bnch  as  the  locomotiva  marine  boilers  or  the 
lAnoashire.  The  use  of  the  ordinary  return-tube  marina 
Ixnlers  has  been  limited,  owing  to  the  difficulty  experienoed 


In  tmnsporting  them  by  ndl  when  of  large  size.  A  modified 
ftirm  of  marine  boiler  has  been  constmoted  by  Davey-Paxmaa 
^lee  Fig.  1)  for  use  in  electric  ligliting  stations.     Tbis  boiler 
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ifl  known  «8  the  dry-back  boiler ;  it  is  not  more  than  9  feet  in 
diameter,  and  the  fumaooB  are  contained  in  two  ojlindrioal 
floes  OToaoed  in  advance  of  the  firing  bridge  by  a  Oallowaj 
tube.  The  products  of  the  combustion  pass  right  through  ths 
back,  are  thrown  upwards,  and  made  to  return  to  the  front 
through  the  tubes  by  means  of  the  refracted  fire-briok  diy- 
back.  Mr.  Crompton  and  Mr.  Longridge  have  modified  this 
form  of  boiler  by  placing  the  tubes  below  the  f umaoea.  The 
products  of  the  combustion,  after  passing  to  the  end,  are 
thrown  downwards  by  the  fire-brick  i^-baok,  and  then  passed 
back  to  the  front  of  the  boiler  through  tubes  placed  below  the 


Fia  2.— Babcock  and  WOooz  Wat«r-tDb«  Boiler. 

fumacee  to  the  sraolte-box  or  chamber  formed  beneath  the  fir»- 
man's  feet,  from  whence  they  pass  under  the  bottom  of  th« 
boiler  on  their  way  to  the  chimney  stack. 

Other  engineers  prefer,  where  space  permits,  the  employment 
of  the  ordinary  Lancashire  boiler.  Formerly  difGoulty  was  ex- 
perienced in  making  flues  of  sufficient  strength  to  withstand 
the  high  pressure  now  required  ;  but  as  this  difficulty  can,  and 
has  been,  overcame,  this  objection  is  not  now  valid.  On  tha 
other  hand,  the  length  of  this  boiler  is  an  insuperable  objection 
to  its  use  in  many  cases.  Amongst  well  known  water-tub« 
boilers  used  in  electric  lighting  stations,  the  Baboock  and 
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"Wilcox  water-tube  boiler,  a  seotion  of  which  is  shown  in  Fig.  2, 
ia  extensiyely  employed.  The  great  recommendations  of  this 
boiler  are  the  rapidity  with  which  it  can  make  steam,  and 
the  fact  that  the  limit  of  its  evaporative  power  is  only  found 
in  the  ability  of  the  grate  to  bum  fuel.  From  its  tubular 
construction  it  is  veiy  free  from  ridk  of  dangerous  explosion, 
and  can  easily  be  transported  in  sections  and  erected  in  situ ; 
moreover,  it  is  exceedingly  economical  as  regards  space,  and 
from  its  rectangular  form  and  great  vertical  height  is  specially 
adapted  for  batches  of  boilers  in  central  station  work  where 
floor  space  is  limited  and  costly.  An  objection  which  has  been 
urged  against  it  is  the  fact  that  there  are  considerable  masses 
of  brick-work  to  be  heated  up,  and  which,  therefore,  absorb  and 
dissipate  a  sensible  amount  of  heat.  On  the  other  hand,  for 
central  station  purposes,  where  the  demand  for  steam  may, 
owing  to  fogs,  suddenly  become  very  considerable,  it  is  of 
the  greatest  possible  advantage  to  have  a  boiler  which  can 
be  suddenly  callecL  upon  for  a  considerable  delivery  of  steam, 
and  in  which  there  is  great  safety  and  freedom  from  risk  by 
explosion.  Both  these  qualities  are  possessed  by  the  Babcock 
boiler. 

Mr.  Raworth  has  suggested  an  arrangement  intended  to  reduce 
the  enormous  waste  of  fuel  in  getting  up  steam  in  boilers  which 
are  used  only  dturing  the  maximum  hours  of  demand.  The 
boilers  are  erected  in  groups  of  three,  with  flues  and  condensers 
so  arranged  that  when  the  central  boiler  is  being  used  the  pro- 
ducts of  combustion  may  be  diverted  through  the  furnaces  and 
flues  of  one  or  both  the  other  boilers.  During  the  hours  of 
light  demand  when  the  middle  boiler  alone  is  being  used, 
the  exhaust  steam  from  the  pumps  and  supplementary  engine 
ia  turned  into  the  idle  boilers,  until  the  water  in  them  attains  a 
temperature  of  212''F.,  the  additional  heat  required  to  raise 
steam  being  supplied  by  the  products  of  combustion  taken 
from  the  central  boiler.  When  the  steam  in  the  idle  boilers 
has  risen  to  working  pressure,  they  may,  when  required,  be  put 
into  use  and  fires  lighted ;  the  gases  from  the  central  boiler 
being  taken  direct  into  the  chinmey.  The  method  of  applying 
the  exhaust  steam  from  the  supplementary  engines  is  as 
follows : — The  supplementary  exhaust  pipe  is  carried  across  the 
whole  range  of  boilers  and  a  branch  provided  to  each  boiler. 
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governed  by  a  cock  or  screw  valve.  An  outlet  from  the  supple- 
mentary exhaust  pipe  is  provided  into  the  atmosphere  covered 
by  a  mushroom  valve  of  considerable  size,  weighted  to  lib.  to 
the  square  inch,  and  provided  with  an  arm  by  which  it  can  be 
raised  to  give  free  exit.  The  branch  pipe  to  each  boiler  is 
attached  to  a  block  on  the  cover  of  the  shell,  and  an  internal 
pipe  is  carried  down  in  continuation  of  the  external  pipe  to 
about  one  foot  below  the  working  water  level,  where  it  turns  at 
right  angles  to  the  vertical  pipe,  and  is  furnished  with  a  circu- 
lating nozzle.  When  it  is  desired  to  heat  up  any  boilers,  the 
valve  between  the  supplementary  exhaust  pipe  and  the  boiler  is 
opened,  the  exhaust  valve  to  the  atmosphere  is  closed,  and  the 
exhaust  steam  from  the  supplementary  engines  will  bo  condensed 
in  the  boiler.  As  the  water  in  the  boiler  increases  in  tempera- 
ture the  back  pressiire  will  increase,  but  will  never  exceed  the 
lib.  to  the  square  inch.  In  the  case  of  water-tube  boilers, 
it  is  necessary  to  attach  a  distributing  box  to  the  discharge 
orifice  of  the  nozzle,  and  to  take  from  it  "pipes  leading  to 
each  of  the  tubes  in  which  the  natural  circulation  is  downwards. 
This  is  necessary  to  set  up  the  circulation  of  the  whole  of  the 
water  tubes  in  the  boiler.  We  are  not  aware  that  this  plan  has 
been  put  in  practice  anywhere,  but  it  is  an  indication  amongst 
others  that  the  economy  of  fuel  in  steam  generating  is  begin- 
ning to  receive  more  serious  attention  than  it  has  done  at  the 
hands  of  electrical  engineers. 

In  the  selection  of  engines  the  choice  of  the  engineer  lies 
between  dynamos  driven  direct  coupled  to  the  engines,  and 
those  in  which  the  dynamos  are  driven  by  belts  or  by  rope 
gear,  the  latter  being  either  the  single  endless  rope-gearing 
with  jockey  pulley,  or  the  multiplex  rope  gearing  with  the 
usual  groove  pulleys  and  grooved  fly  wheel.  The  direct  driving 
has  been  considerably  assisted  of  late  years  by  the  improve- 
ments which  Mr.  Willans  has  efifected  in  the  high-speed  com- 
pound engine.  Wherever  space  is  of  importance,  direct  driving 
by  high-speed  engines  is  almost  a  necessity.  Where  spaoe  Is 
available  many  engineers  still  prefer  to  drive  the  dynamos  in 
groups  either  from  the  fly-wheel  of  the  engine  or  from  a 
counter-shaft,  owing  to  the  lower  engine  speeds  which  are  then 
possible.  Whichever  method  be  chosen,  the  first  question  to 
be  settled  is  the  selection  of  the  dynamo  unit.    It  is  not  neoes- 
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sarily  an  advantage  to  have  these  units  of  the  same  size. 
Owing  to  the  small  demand  for  lighting  current  during  the 
greater  portion  of  the  day  and  night,  it  is  generally  best  to 
select  one  pair  of  units  (one  being  a  reserve  on  the  other), 
of  such  a  size  that  one  of  them  will  be  fairly  well  loaded 
during  the  greater  portion  of  the  day,  and  to  select  the 
other  dynamo  units  of  such  larger  size  that  the  output  of 
each  machine  is  from  one-sixth  to  one-tenth  part  of  the  full 
output  of  the  station  at  its  hour  of  maximum  load  during  the 
winter. 

The  veiy  poor  economy  which  some  stations  exhibit  in  the 
matter  of  coal  consumption  may  be  also  often  attributed  to  the 
selection  of  too  large  an  engine  or  dynamo  unit.  It  must  be 
borne  in  mind  that  compound  non-condensing  engines  are  not 
economical  in  steam  consumption  at  low  loads.  It  is  foond 
that  at  low  loads  indicator  diagrams  taken  from  high  and  low 
pressure  cylihder  show  that  the  low-pressure  cylinder  is  con- 
tributing very  little  to  the  total  work  of  the  engine,  and 
under  some  circumstances  the  diagram  of  the  low-pressure 
cylinder  may  even  be  a  negative  area,  indicating  that  part 
of  the  power  of  the  engine  is  being  used  to  drive  the 
low-pressure  cylinder  as  ^  pump.  It  is,  therefore,  of  great 
importance  to  select  the  engine  and  dynamo  unit  of  such  size 
that,  under  any  circumstance,  the  generating  plant  in  actual 
use  is  fairly  well  loaded.  The  theory  that  large  engines  essen- 
tially have  a  greater  economy  than  small  ones  is  not  by  any 
means  generally  true ;  and  on  the  other  hand,  owing  to  the 
variation  in  the  load,  large  non-condensing  compound  engines 
will  often  exhibit  a  relatively  very  much  lower  economy  at  the 
low  loads  in  weight  of  steam  used  per  indicated  horse-power 
than  smaller  and  well- designed  high-speed  high-pressure 
engines.  Engines  used  for  electric  light  work  are  under  the 
great  disadvantage  that  they  must  run  at  the  same  speed 
whether  doing  much  work  or  little,  and  hence  the  only  way  in 
which  the  low  station  load  factor  can  be  neutralised  is  to  give 
each  engine  individually  as  large  a  load  factor  as  possible. 

§  2.  Oondensation. — It  has  been  shown  that  the  application 
of  condensers  to  central-station  engines  enables  much  higher 
generating  efficiency  to  be  obtained  at  low  loads,  that  is  to  say, 
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that  oondensing  plant,  although  it  incieases  the  economy  when 
the  steam  dynamos  are  running  fully  loaded,  has  greater  effect 
in  reducing  the  loss  of  efficiency  when  they  are  only  partly 
loaded.  Mr.  Grompton  found  this  to  be  very  noticeable  at  the 
Gothenburg  Central  Station,  where  there  are  dynamos  rope 
driven  by  200  H.P.  vertical  triple^zpansion  condensing  engines. 
During  the  first  year  water  for  condensing  purposes  was  not 
available,  and  the  engines  had  to  be  run  at  high  pressure, 
exhausting  into  the  atmosphere.  Although  the  consumption  of 
coal  was  not  found  to  be  excessive  at  the  time  of  highest  load,, 
yet  such  a  saving  was  effected  at  the  time  of  low  loads,  when 
the  condensing  plant  was  put  into  action,  that  the  total  fuel 
consumption  for  the  year  was  reduced  by  60  per  cent.  This 
fact  has  also  been  brought  out  by  some  important  experiments 


Fig.  3. 


made  by  Mr.  Willans,  in  which  he  illustrates  very  forcibly  the 
truth  of  the  above  statements. 

Mr.  Willans  has  made  special  experiments  with  one  of  his  owa 
engines,  to  test  the  effect  of  condensation  on  the  steam  con- 
sumption of  the  engine  at  various  loads.  These  experiments 
are  charted  in  the  above  diagram,  being  reduced  for  simplicity 
to  the  equivalents  for  a  100  H.P.  engine.  The  water  per  hour 
used  by  the  engine  is  represented  by  the  vertical  ordinates  ii^ 
Fig.  3,  and  the  horizontal  distances  are  the  indicated  horse- 
powers of  the  engine.  The  diagram  of  the  water  used  per  indicated 
horse-power  is  a  straight  line.  The  line  showing  the  water  used 
when  the  engine  works  condensing  lies  below,  and  parallel  with 
die  line  representing  the  same  when  the  engine  is  used  non« 
condensing.    This  diagram  shows  that  the  total  water  used  hj 
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the  engine  is  proportional  to  the  indicated  horse-power  p?4»  a 
constant  quantity,  and  that  this  constant  quantity,  which  is* 
the  water  used  per  hour  when  the  engine  is  running  unloaded,, 
is  greater  for  non-condensing  than  for  condensing  working. 
Hence  it  is  clear  that  condensing  increases  the  efficiency  of  the 
engine — that  is,  decreases  the  water  used  per  hour  relatively 
more  at  low  loads  than  at  full  load.  Broadly  speaking,  if  an 
economy  of  18  to  20  per  cent,  of  the  feed  water  could  be- 
effected  at  full  load,  40  per  cent.,  or  more,  might  be  saved  at^ 
low  loads.  These  experiments  indicate  the  great  value  of  con- 
densation at  low  loads,  as  well  as  the  immense  waste  incurred 
in  water,  and,  therefore,  in  coal  by  working  engines  only  partly 
loaded. 

In  the  design  of  large  stations  this  question  of  condensing^ 
ought,  therefore,  always  to  be  held  in  view ;  and  for  that  reason 
it  is  important  to  locate  the  station,  if  possible,  in  a  position  in 
which  water  for  condensation  can  be  procured  without  pumping- 
the  v^ter  a  considerable  distance.  For  surface  condensers  the 
circulating  water  required  will  be  about  twenty  times  the  weight 
of  steam  to  be  condensed,  or  about  at  the  rate  of  forty  to  fifty 
gallons  per  hour  per  indicated  horse-power,  and  hence,  for  large 
powers  the  amount  of  circulaijting  water  required  is  very  consider- 
able. In  laying  down  pipes  for  this  circulating  water,  or  better 
still,  in  excavating  conduits,  allowance  must  always  be  made  for 
the  full  extension  ultimately  required.  In  some  town  stations 
artesian  wells  have  with  advantage  been  sunk  for  this  purpose  > 
but  in  any  case  it  is  necessary  to  bear  in  mind  the  condensers 
must  be  placed  in  close  contiguity  to  the  engines  from  which 
they  take  steam,  or  else  a  considerable  reduction  in  the  vacuum 
in  the  cylinders  of  the  engines  will  be  found.  £ven  if  water 
sufficient  for  surface  or  jet  condensation  cannot  be  obtained,  it . 
is  yet  worth  while,  as  Mr.  Grompton  has  pointed  out,  in  many 
cases,  to  put  down  air-condensing  plant,  even  if  such  plant  can 
only  be  put  in  of  sufficient  size  to  condense  the  steam  at  light 
loads,  allowing  the  exhaust  steam  at  the  heavy  loads  to  escape- 
into  the  atmosphere.  Such  partial  condensation  would,  in  the 
opinion  of  many  engineers,  result  in  a  considerable  reduction 
of  the  whole  coal  bill  for  the  year.* 

*  Su  Mr.  Crompton  on  the  Cost  of  Qeneration  and  Distribution  of 
Electric  Enet^,  Proc  InsL  CfivU  JBnffineers,  Vol.  OV.,  1891. 
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g  3.  UtlUaation  of  Wstor  Pover. — In  man;  oasea  water 
power  ii  available  fcnr  the  purposes  of  electrical  generation,  and 
in  these  oases  the  alternating  ourrent  ByBtem  presents  gnat 
advantages  ia  permitting  the  traQsmisaion  of  considerable 
qn&ntities  of  eleotnc  energy  at  high  pressures  over  great 
niistanoefl  through  comparativel;  small  aonductors     Consider- 


able  improvements  have  of  late  yeari  been  effected  in  the 
means  by  vhich  suoh  water  power  can  be  utilised.  Amongst 
"these  may  be  mentioned  the  Pelton  water-wheel,  largely  used 
in  California  and  in  other  places  to  utilise  high  falls  of  water. 
In  this  water  motor  a  wheel  is  provided  on  its  periphery  with  a 
series  of  peculiarly  curved  buckets  (ue  Figs.  4  and  5),  aod  jets 
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of  water  are  thrown  into  these  buckets,  setting  the  wheel  in 
motion*  The  form  of  bucket  is  designed  to  cause 'the  im- 
pinging water  to  leave  the  wheel  with  as  little  velocity  aa 
possible,  and  hence  to  give  up  nearly  all  its  kinetic  energy  to 
the  wheel.  In  the  practical  use  of  these  wheels,  water  from 
some  source  is  led  to  the  wheel  by  hydraulic  piping,  often  from 
great  heights  and  distances.  The  best  useful  effect  is  found 
to  be  obtained  when  the  bucket  speed  is  half  the  velocity  of 
the  water  issuing  from  the  jet.  Tests  have  shown  that  the- 
Pelton  wheel  has  a  mechanical  efficiency  of  87  to  90  per  cent. 
Hence^  whenever  a  natural  fall  can  be  obtained,  by  means  of 
which  water  can  be  delivered  from  one  level  to  a  much  lower 
one,  this  motor  enables  such  energy  to  be  rendered  available- 
for  conversion  into  electric  energy.  A  laxge  number  of 
hydraulic  electric  stations  are  at  work  in  California,  using  in 
some  oases  falls  of  water  of  upwards  of  1,600ft.  in  height,  the 
energy  of  which  is  utilised  by  Pelton  wheels.  At  Aspen,  in 
Colorado,  a  large  electric  light  and  power  station  is  at  work,  ii» 
which  some  1,400  H.P.  is  so  utilised  by  Pelton  wheels  > 
amongst  the  other  plant,  Westinghouse  alternators  being  em- 
ployed for  incandescent  lighting.  When  hydraulic  governors^ 
are  added  to  control  the  wheel-speed,  the  greatest  possible 
uniformity  of  driving  can  be  attained,  and  the  Pelton  wheel 
shows  itself  to  be  a  motor  peculiarly  adapted  for  electric 
lighting  purposes. 

§  4.  Water  Motor  Installation  at  Tivoli,  near  Rome. — One 
of  the  finest  examples  in  Europe  of  water-power  utilisation  in 
connection  with  alternating  currents  is  the  new  electric  station 
which  is  being  established  at  Tivoli,  near  Rome.  As  is  well 
known,  there  ia  at  the  town  of  Tivoli  a  large  and  valuable  supply 
of  water  power,  and  recently  a  portion  of  this  has  been  utilised 
in  the  establishment  of  a  large  alternating  current  station  for 
2,000  H.P.,  intended  to  supply  a  portion  of  the  dty  of  Rome 
with  electric  light.  A  part  of  the  Falls  of  Tivoli  is  conducted 
along  an  aqueduct,  at  the  extremity  of  which  the  water  falls 
into  a  large  iron  fall-tube,  1*6  of  a  metre  in  diameter.  This 
&ll-tube  is  48  metres  in  vertical  height,  and  has  a  capacity  for 
delivering  three  cubic  metres  of  water  per  second.  At  the 
lower  level  of  the  fall-tube  the  electric  station  has  been  erected 
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CO.  the  side  of  the  hill,  and  the  fall-tube,  terminatiug  near  i^ 
branohea  into  three  aeoondary  aapplj  tubea,  which  eoavey  th» 
water  into  the  building.  Eaoh  of  these  branohea  feeds  three 
Pelton  water-wheeU,  two  of  which  are  about  300  or  400  H.P. 
and  one  smaller.  The  six  larger  Pelton  wheels  are  coupled 
dinct  to  350  H.P.  Gaoz  alternators  of  the  form  described  in 
Chapter  II.,  gl.  The  supply  <rf  water  to  each  wheel  is 
govenied  hy  hydraulic  inlet  valvea  which  are  worked  by  a  sen- 
sitare  hydraulic  relay,  the  relay  being  set  in  operation  by  a 
centrifugal  governor.  By  this  means  the  speed  is  automati- 
-cally  kept  oonstaat,  independent  of  the  working  of  the  machine. 
In  addition  to  the  six  350  H.P.  alternators,  there  are  three 
other  direct  current  machines  used  as  eroiters,  which  are  also 


driven  direct  from  the  smaller  Pelton  wheels.  Each  alternator 
is  designed  to  furnish  current  at  6,000  volts  pressure  and  45 
amperes.  The  machines  will  be  driven  at  a  speed  of  170  revo- 
lutions per  minute.  Other  arrangements  for  regulating  the 
pressure  are  siranged  as  described  in  Chapter  I.  l^e  altera 
Dating  current  so  generated  is  to  be  transmitted  to  Rome,  a 
distance  of  25  kilometres,  by  means  of  four  stranded  copper 
oablea,  each  being  100  square  millimetree  in  cross  section,  and 
capable  of  carrying  120  amperes.  These  are  to  be  carried  over- 
head on  iron  poles  placed  36  metres  apart,  and  about  30  feet 
high,  insulated  by  means  of  double-shed  oil  insulators,  specially 
designed  for  this  work  hy  Prof.  Mengarini.  The  lower  part  ti 
the  insulator  (tw  Fig.  6)  can  be  lowered  to  remove  or  renew 
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the  oil,  and  when  raised  into  place  it  keeps  the  flanges  of  the 
upper  part  wet  with  oil,  wad  yet  renders  it  impossible  or 
difficult  for  insects  to  get  round  into  the  interior.  A  drop  of 
1,000  volts,  or  20  per  cent.,  is  to  be  allowed  in  these  lines.  At 
the  iax  end  of  these  trunk  mains  the  pressure  will  be  reduced 
by  step-down  transformers  to  2,000  Tolts,  and  distributed 
underground  by  Siemens  cables  to  secondary  centres,  at  which 
it  will  be  again  reduced  to  100  volts.  The  six  machines  are  all 
capable  of  being  worked  together  in  parallel,  the  maximum 
number  of  five  being  used  together,  and  one  machine  being 
always  in  reseire.  Two  of  the  exciters  are  sufficient  to  supply 
exciting  current  to  the  whole  of  the  dynamos,  the  third  being 
ik  reserve. 

§  6.  Arrangement  of  Alternators. — Two  systems  of  arrange- 
ment of  dynamos  are  in  general  use  in  alternating  current 
stations,  and  have  been  -  illustrated  in  the  descriptions  in 
Chapter  II. 

In  the  one  case,  each  dynamo  supplies  current  to  a  number 
of  separate  supply  lines  or  trunk  mains,  on  each  of  which  are 
placed  a  number  of  transformers  in  different  premises.  Each 
of  these  dynamos  is  independent  of  the  others,  and  a  switch- 
board is  employed  by  means  of  which  the  supply  lines  can  be 
grouped  in  any  manner  desired  on  to  various  dynamos.  This 
arrangement  is  necessarily  a  very  imperfect  one,  because,  as 
the  demand  for  current  on  each  of  these  supply  lines  varies, 
the  attendant  in  charge  of  the  station  has  to  effect  changes 
in  the  grouping  of  these  circuits  on  the  different  dynamos, 
and  this  can  hardly  be  done  without  a  momentary  ''wink" 
or  extinction  of  the  lights.  Except  that  they  are  gathered 
together  in  the  same  station,  the  dynamos  so  worked  have 
no  connection  with  one  another,  and  the  arrangement  is 
virtually  a  collection  of  little  central  stations  arranged  for  the 
sake  of  convenience  under  one  roof. 

The  other  arrangement  is  that  of  parallel  worked  alternators, 
and  is  the  only  plan  on  which  alternating-current  dynamos  in 
Electric  Stations  intended  for  the  permanent  supply  of  lighting 
current  should  be  arranged. 

Before  1884  it  may  be  said  that  the  general  opinion  of 
electricians  was  that  alternating  current  machines  ooiUd  not  be 
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worked  together  in  parallel.  Mi*.  Wilde  had,  however,  published 
in  the  Proceedings  of  the  Literary  and  PkUosopkical  Society^ 
Manchester^  on  December  15th,  1868,  a  Paper,  which  was 
reprinted  in  the  Philosophical  Magazine  for  January,  1869,  in 
which  he  fully  described  experiments  on  the  simultaneous 
working  of  two  or  more  alternate  current  machines  connected 
together  in  multiple  arc.  These  observations  were  lost  sight 
of  until,  in  1883,  Dr.  Hopkinson  again  drew  attention  to  the 
subject  in  a  lecture  delivered  before  the  Institution  of  Civil 
Engineers  in  1883,  and  also  more  fully  in  a  Paper  published 
in  the  Proceedings  of  the  Society  of  Telegraph  Engineers  on 
November  13,  1884,  he  proved  that  alternate  current  machines 
could  certainly  be  worked  together  in  parallel  and,  on  the  other 
hand,  could  not  be  worked  together  when  coupled  in  series* 
Dr.  Hopkinson's  proof  to  this  is  as  follows :— - 


iftiir 


Fig.  7. 

"Suppose  two  alternators  coupled  in  series,  the  resultant 
electromotive  force  of  the  circuit  will  be  the  sum  of  the  electro- 
motive force  of  the  two  machines.  This  resultant  electro- 
motive force  may  be  represented  by  a  dotted  curve  as  in 
Fig.  7  ;  the  two  firm  lines  curves  I.  and  II.  representing  the 
separate  electromotive  force  curves  of  the  two  machines ;  tiie 
ordinates  of  the  dotted  curve  III.  being  the  sum  of  the  ordinates 
of  the  two  firm  line  curves.  Let  the  broken  line  curve  IV. 
represent  the  resultant  current  in  the  circuit,' this  will  there- 
fore lag  behind  the  resultant  electromotive  force  curves  in 
phase.  The  power  being  exerted  by  each  machine  at  any 
instant  is  represented  by  the  product  of  the  current  and  the 
electromotive  force,  and  it  is  clear  that  as  a  phase  of  the 
current  is  more  near  to  the  phase  of  the  lagging  machine,  II.» 
than  to  that  of  the  leading  machine,  I.,  the  lagging  machine 


I 


ALTBBNATB  OUBBENT  BLECTBIO  BTATIONEk 


35» 


must  do  more  work  in  producing  electricity  than  the  leading 
machine  and  consequently  its  velocity  wUl  be  retarded,  and 
this  retardation  will  go  on  until  the  two  machines  settle  down 
into  exactly  opposite  phases,  when  no  current  will  pass ;  accord- 
ingly, two  alternators,  coupled  in  series  and  independently 
driven,  adjust  themselves  so  that  the  resultant  current  in  the 
external  circuit  is  zero ;  in  other  words,  they  neutralize  each 
other  if  driven  in  series.  As  a  oorollazy  to  this,  it  follows  that 
fcwo  alternators  coupled  together  in  parallel  will  mutually  tend 
to  bring  one  another  into  step.  Let  A  B,  Fig.  8,  represent 
the  two  terminab  of  one  alternate  current  machine,  and  a  h 
the  two  terminals  of  another  machine  independently  driven. 
Let  A  and  a  be  connected  together  and  B  and  6.     So  regarded^ 
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the  two  machines  are  in  series,  and  we  have  just  proved  they 
will  exactly  oppose  each  other's  effects,  that  is,  that  when  A  is 
positive,  a  will  be  also  positive,  and  when  A  is  negative,  a  is 
also  negative.  Connecting  A  and  a  through  the  comparatively 
high  resistance  of  the  external  circuit  with  B  and  b,  the 
current  passing  through  that  circuit  will  not  in  any  way 
disturb  the  relations  of  the  two  machines ;  hence,  when  A  is 
positive,  a  is  ppsitive,  and  when  A  is  negative,  a  is  negative, 
which  is  the  condition  required  that  the  two  machines  can  work 
together  in  parallel  and  send  a  current  into  the  external 
circuit.** 

Dr.  Hopkinson  was  therefore  able  to  predict  from  this  line 
of  reasoning  that  there  would  be  no  diffici^tj'^h~coupling'>-,^ 
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number  of  alternate  current  maohines  on  to  one  external 
circuit  in  parallel,  a  little  care  being  taken  that  the  machines 
were  put  together  only  when  they  had  attained  something  like 
the  proper  velocity.  The  analytical  proof  that  when  two 
machines  are  so  coupled  the  leading  machine  does  most  work 
was  also  given  by  Dr.  Hopkinson  in  the  Paper  quoted,  as 
follows : 

Let  two  alternators  of  equal  siae  and  electromotiye  force 
be  coupled  in  parallel  on  to  one  circuit.  At  any  instant 
let  the  electromotiye  force  of  one  machine  be  ^,  and  that 
of  the  other  e^;  and  let  the  electromotive  forces  of  the  two 
machines  differ  in  phases  so  that  we  can  express  Ci  and  e^ 
by  the  expressions 

and  e^'^EBin(pt-~a). 

Hence,  E  is  the  maximum  value  of  the  E.M.F.  of  either 
machine,  and  2  a  is  the  phase  angle  difference  between  e^ 
and  e^  Let  the  current  at  the  same  instant  proceeding 
from  each  machine  be  called  i^  and  i^  and  let  2r  and  21 
be  the  resistance  and  inductance  of  each  machine  and  R 
the  resistance  of  the  external  circuit.  Then  the  current 
equations  for  the  circuit  of  the  two  machines  are  respectively 

2;4^+2rti  =  Esin(pt  +  a)-R(»i  +  t2)     .    (i.) 
at 

2i4^+2rt,-EBm(i)«-a)-R(*i+g    .    (iL) 

a  t 

Adding  and  subtracting  (i.)  and  (ii.)  we  get 

^4(h  +  »j)  +  (^  +  R)(h+h)-E8m2)<cosa  .    (iil) 
at 

^ --(ti-t2)+r(*i-f2)=Eoos^tsina    ♦    (iv.) 
at 

Solving  (iii.)  and  (iv.)  we  get 

•         •  ill  Sin  A    r  ^   .        1    •  j1  i^Jt  \ 
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Tlie  electrical  work  done  in  one  second  by  the  leading 
tnacbine  is  w^  and 

«^l-4r     iE8in(p«  +  a){ti  +  i,  +  (ii.g}.(yii.) 

T  being  the  time  of  the  complete  period  or  2ir/p.    Also  the 
work  done  per  second  by  the  following  machine  is  Wp  where 

Taking  the  yalues  of  »|  +  i^  and  i\  -  i,  firom  (y.)  and  (yi.)  and 
inserting  them  in  (yii.)  and  (viii.)  and  performing  the  mnltipli- 
oations  and  definite  integrations,  we  arrive  at  the  yalues  for  w^ 
4ind  w^  as  follows : — 

■*"i:5 -—{rsin^a+zj^sinacosa}.     .     ,     (ix.) 

Substituting  and  integrating  in  the  same  way  (yiii.)  we  have 
for  the  value  of  w^ 

E^ 

+  J-5 {rsin*a-|?^sinoco8a}.      .     .     (x.) 

A  little  consideration  will  show  that  t^^  is  always  grealer  than 
Wp  in  other  words,  the  leading  machine  does  most  work.  If, 
therefore,  one  machine  lags  in  phase  behind  the  other,  the 
lagging  machine  is  relieved  of  its  load,  and  the  motor,  unUss 
ioo  well  governed^  will  bring  it  up  into  step  again. 

The  conditions  for  best  mutual  control  are  also  obtainable 
from  the  values  of  w^  and  w^ ;  for  subtracting  (iz.)  and  (z.)  we 
get 

to,^w^^^i       ^^     , ^^  lsin2a  .     (xi.) 

The  machines  are  doing  the  maximimi  difference  of  work  when 
a  a  45*,  and  then  the  following  machine  is  doing  no  work  as  a 
generator.  If  the  difference  of  phase  is  then  still  further 
increased,  the  foUowing  machine  becomes  a  motor  and  absorbs 
work. 

aa2 
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The  best  conditions  for  mutual  control  are,  then,  that  suob 
relations  between  r,  p  I,  and  R  should  hold  good  that  for  a 
small  value  of  a — that  is,  when  the  machines  are  just  beginning 
to  get  out  of  step — ^the  quantity  in  (zL)  in  brackets  shall  have  a 
maximum  value.  The  difference  of  the  work  done  by  the 
alternators  is  a  periodic  quantity  as  regards  a,  and  the  value  of 
this  difference  for  small  values  of  a  is  greater  in  proportion  aa 
the  expression 

pi  pi  /  " \ 

r«+i)«^'"(r  +  R)2+j?2Za       '    '     '     ^^^'^ 
is  greater. 

Let  R  be  infinite — ^that  is,  suppose  the  external  circuit  is- 
open,  then  it  is  easily  seen  that  (xii.)  has  a  maximum  value  when- 

r^pl     ,    .     .     .     .     .     (xiii.) 

Hence  the  best  condition  for  mutual  control  of  the  machines  is 
that  the  ratio  of  armature  resistance  to  armature  inductance- 
shall  be  about  equal  to  2ir  times  the  frequency  of  the  alter- 
nations. 

Moreover,  if  r^p  I  and  R^-oo  then  the  value  of  (xii.)  is  re- 

duced  to  -->,  and  this  is  greater  in  proportion  as  r  and  therefore 

pi  is  smalL  Hence  this  analytical  treatment  points  to  the  con- 
clusion that  the  best  conditions  for  mutual  control  of  the  two- 
alternators — ^that  is,  the  condition  under  which  they  will  best 
resist  getting  out  of  step,  is  that  both  the  inductance  and  resis- 
tance of  the  armature  circuit  should  be  small,  and  that  their 
ratio  should  have  the  value  defined  by  equation  (xiii.). 

§  6.  Parallel  Working  of  Altematora — ^These  predictions  of 
Dr.  Hopkinson  as  to  the  practicability  of  parallel  working  were 
shown  to  be  capable  of  fulfilment  in  some  experiments  made  in 
1884,  in  conjunction  with  Prof.  W.  G.  Adams  on  the  De  Meriten» 
alternators  at  the  South  Foreland  Lighthouse,  which  were  run 
together  successfully  in  parallel  and  also  as  motors.  At  the 
time  when  these  experiments  were  made,  akemating  current 
working  had  hardly  begun  to  assume  a  practical  form,  and  henoO|, 
although  scientifically  interesting,  these  experiments  hardly  re- 
ceived the  attention  they  deserved  from  dynamo  manufacturers. 

In  the  following  five  years,  transformer  work  was  practically 
developed,  and  in  May,  1889,  Mr.  W.  M.  Mordey  read  a  very 
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Important  Paper  before  the  Institution  of  Electrical  Engineers^ 
in  which  he  discnssed,  with  great  thoroughness,  the  whole 
question  of  parallel  working  of  alternators,  and  described  some 
remarkable  experiments  with  his  own  alternators,  which 
exhibited  the  power  of  parallel  working  in  a  remarkable 
degree.  In  this  Paper  Mr.  Mordej  expounded  with  great 
clearness  the  condition  of  practical  parallel  working. 

Before  the  date  of  this  Paper,  engineers  had,  however,  become 
convinced  that  the  parallel  working  of  alternators  in  trans- 
former stations  was  a  matter  of  the  highest  importance ;  but 
▼eiy  varied  opinions  had  been  expressed  as  to  the  conditions 
and  constructions  of  alternators,  which  would  enable  this 
parallel  working  to  be  most  successfully  achieved.  Generally 
speaking,  it  may  be  said  that  between  the  years  1884  and 
1889  it  had  been  generally  recognised  that  parallel  working  of 
alternators  could  be  accomplished ;  but  it  was  hardly  felt  that 
the  arrangement  was  one  which  could  be  completely  and 
thoroughly  depended  upon  in  every  case,  and,  moreover,  entire 
confidence  was  not  felt  in  the  ability  of  every  form  of  alter- 
nator to  be  so  used.  Some  had  expressed  the  opinion  that 
alternators  could  be  successfully  run  in  parallel  if  the  armature 
circuits  had  a  good  deal  of  self-induction,  in  other  words,  if 
they  had  iron  cores. 

In  a  Paper  on  alternate  current  machinery,  Mr.  Elapp^  dealt 
at  considerable  length  with  this  part  of  the  subject.  Referring 
to  alternators  with  armature  circuits  of  small  self-inductioui 
Mr.  Kapp  said  machines  of  this  type  could  only  be  run  in 
parallel  if  the  strength  of  their  field  is  adjusted  with  almost 
mathematical  precision.  To  make  them  fit  for  this  method  of 
^working  the  armature  resistance  or  armature  self-inductioii 
-must  be  increased.  Further  down  he  says  it  is  well  known 
that  alternators  having  no  iron  in  their  armatures  cannot  be 
run  in  parallel  except  by  the  adoption  of  some  such  expedient 
as  a  choking  coil,  in  series  with  the  armature. 

Practical  experience,  therefore,  had  been  conflicting  as  to  the 
•exact  circumstances  under  which  parallel  working  could  be 
most  easily  and  safely  accomplished.  It  had  been  shown 
before  the  date  of  Mr.  Mordey's  Paper  that  the  Zipemowsky 

*  See  Proeeedvngs  of  the  Intti^iUion  of  EUetrieal  Engineer t,  February,  ISSdL 
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alternator,  working  at  a  low  frequency  of  42,  and  which  had 
•an  iron-cored  armature,  could  work  well  in  parallel,  but  this 
seemed  rather  to  support  the  theozy  that  self-induction  in  the 
armature  was  useful  for  this  purpose. 

The  Westinghouse  Company  had  tried  working  their  alter- 
nators in  parallel,  and  had  apparently  found  that  the  machines 
controlled  one  another  well  under  full  load,  but  could  not  be 
depended  on  to  do  so  at  light  loads. 

The  Lowrie-Hall  alternators,  which  had  iron-cored  armatures, 
had  also  been  shown  to  be  capable  of  being  worked  in  parallel 
together. 

Experience,  therefore,  as  &r  as  it  went»  seemed  to  indicate 
that  machines  with  iron-cored  armatures  would  work  together 
in  parallel ;  but  in  the  Paper  referred  to,  Mr.  Mordey  described 
some  remarkably  interesting  experiments  with  his  alternator, 
which,  as  we  have  seen,  is  without  iron  in  the  armature,  and 
in  which  he  obtained  very  novel  results  on  the  coupling 
together  of  alternators  both  at  the  same  and  at  different 
electromotive  forces.  In  these  experiments,  each  alternator 
was  driven  by  a  separate  75  horse-power  Fowler  engine,  the 
speed  of  working  being  120  per  minute.  The  following 
experiments  were  tried  and  described,  and  subsequently 
demonstrated  in  public  by  Mr.  Mordey.  First,  the  alternators 
were  run  up  to  full  speed,  and  each  excited  to  give  2,000  volts. 
When  the  phases  were  identical,  as  determined  by  synchronis- 
ing transformers  and  lamps,  the  machines  were  put  into  parallel, 
without  any  external  load  and  without  any  impedance  coils  or 
resistance  coils  between  them ;  they  ran  in  parallel  perfectly. 
Second,  a  suitable  inductionless  load  was  then  put  on  and  taken 
off;  they  ran  well,  under  the  circumstances.  Third,  they  were 
then  uncoupled  and  the  load  being  connected  to  the  maina^ 
they  were  suddenly  and  simultaneously  switched  on  without 
synchronisation;  and  they  pulled  each  other  into  parallel  at 
once.  Fourth,  one  of  the  alternators  was  excited  to  give  1,000- 
volts,  and  the  other  2,000,  they  were  then  switched  in  parallel ; 
and  they  went  into  step  immediately,  giving  a  resultant  electro- 
motive force  of  about  1,500  volts.  Fifth,  when  one  machine 
was  excited  to  1,000  volts  and  the  other  to  2,000  volts,  they 
were  switched  in  parallel  when  out  of  phase,  and  instantly 
went   into   step^   a  large  current  appeared  to  pass  between 
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them  for  a  fraction  of  a  seooncL  Sixth,  whilst  running  in 
panJlelf  one  machine  was  disconnected  from  the  engine;  it 
continued  to  run  as  a  motor.  Seyenth,  two  machines  were 
then  coupled  up  to  2,000  Tolts,  they  were  then  switched  in 
parallel  when  out  of  step,  and  without  any  external  load ;  and 
went  into  step  instantly.  Eighth^  whilst  running  as  in  the  last 
case,  the  steam  from  one  engine  was  shut  off;  the  alternators 
kept  in  step,  one  acting  as  a  dynamo  and  driying  the  other  as  a 
motor  and  its  associated  engine. 

It  was  found  that  the  machines  could  also  pull  each  other 
into  step  even  when  running  at  somewhat  different  speeds; 
accordingly,  these  machines  in  which  the  armature  had  small 
resistance  and,  relatively  speaking  to  other  machines,  small 
self-induction,  worked  together  in  parallel  under  very  trying 
circumstances,  and  showed  a  great  power  of  mutual  control. 
This  was  sufficient  to  demonstrate  the  incompleteness  of  ideas 
previously  prevalent. 

Since  the  date  of  Mr.  Mordey's  Paper  Mr.  Ferranti  has  also 
been  successful  in  working  his  alternators  in  parallel,  the  625 
horse-power  alternators  at  Deptford  being  worked  regularly 
in  parallel,  and  the  1,250  horse-power  alternators  working  at 
10,000  volts  being  found  to  be  capable  of  being  worked  in 
parallel  with  the  625  horse-power  alternators  working  at  2,400 
volts,  having  the  pressture  raised  to  10,000  volts  through 
step-up  transformers. 

It  is,  therefore,  evident  that  successful  parallel  working  is 
in  no  way  dependent  upon  iron  in  the  armature  core,  nor  upon 
external  self-induction,  but  that  the  cause  which  contributes 
to  produce  successful  parallel  working  miust  be  looked  for  in 
other  directions. 

Mr.  Mordey  first  gave  the  demonstration  of  the  perfection  of 
parallel  working  attained  by  the  employment  of  alternators  of 
small  armature  resistance  and  inductance,  and  he  took  up  the 
position  that  a  perfect  alternator  for  every  purpose  should 
have  no  resistance  in  its  armature  and  no  self-induction. 
Very  briefly,  Mr,  Mordey's  theory  of  the  conditions  of  syn- 
chronous control  of  alternators  may  be  said  to  be  that  the 
armature  circuits  should  have  such  small  impedance  that  the 
currents  in  them  can  be  rapidly  reversed,  and  that  very  small 
impressed  electromotive  forces  may  give  rise  to  large  currents 
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flowing  through  the  armatures;  also  that  the  prime  motoxs 
or  engines  should  be  under  the  control  of  the  dynamoB,  and 
should  not  be  too  well  governed,  or  not  gOYemed  at  all. 
Under  these  circumstances,  if  one  alternator  lags  behind  the 
other  in  consequence  of  its  speed  slightly  falling  ofiE^  its  eleo- 
tromotive  force  is  diminished,  and  the  leading  machine  sends 
a  reversed  current  through  the  armature  of  the  lagging 
machine,  converting  it  into  a  motor,  and  accelerating  it  into 
step  again,  provided  that  the  moving  parts  of  its  associated 
engine  are  not  too  slow  moving  and  massive  to  respond  quickly 
to  this  impulse. 

The  absence  of  armature  self-induction  and  resistance  per- 
mits, therefore,  a  large  controlling  current  to  be  applied  to  the 
lagging  machine  to  bring  it  up  into  step.  The  falling  off  in 
the  work  done  by  the  lagging  machine  as  soon  as  it  begins  to 
lag,  causes  the  engine  driving  it  to  speed  up,  and  hence  the 
lagging  machine  is  brought  up  into  line  again,  both  by  the 
engine  pushing  it  and  the  leading  machine  pulling  it,  and  this 
process  of  forcing  it  into  step  with  the  other  is  applied  promptly 
and  powerfully  the  moment  there  is  the  slightest  falling  off  in 
speed  in  either  of  the  machines.  Hence  results  a  synchronis- 
ing mutual  control,  which  is  automatic  and  prompt.  Self- 
induction  or  resistance  in  the  armature  circuit  is  injurious 
because  it  causes  a  diminution  and  delay  in  the  application  of 
this  restoring  force. 

There  is  one  other  element  which  also  contributes  to  the 
constant  adjustment  of  equality  in  the  speeds  and  electromotive 
forces,  and  that  is  the  re-action  of  the  armature  currents  upon 
the  field  magnets.  Mr.  Swinburne  has  emphasised  very  strongly 
the  importance  of  this  element  in  the  process. 

As  is  well  known,  the  action  of  the  armature  current  upon 
the  field  magnets,  when  the  machine  is  acting  as  a  generator, 
is  to  weaken  the  fields.  Consider  the  case  of  a  Ferranti  altera 
nator.  The  instant  of  maximum  impressed  electromotive  force 
in  any  coil  during  the  phase  is  when  that  armature  coil  is  half 
way  between  the  positions  in  which  it  is  exactly  opposite  to  a 
magnet  pole.  This  is  the  instant  when  the  rate  of  change  of 
induction  through  the  coil  is  a  maximum. 

Owing  to  the  presence  of  some  small  self-induction  in  the 
armature  circuit,  the  current  lags  in  phase  a  little  behind  the 
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^pressed  eleotromotWe  force,  and  the  current  has  its  maximum 
"When  the  armature  coil  is  more  nearly  opposite  to  the  middle 
of  a  magnet  pole.  A  little  consideration  will  show  that  the 
direction  of  the  current  in  the  armature  is  such  that  it  tends  to 
diminish  the  magnetism  of  that  magnetic  pole.  If  the  armature 
•cuirent  is  reversed  when  the  coil  is  in  that  position,  it  will,  on 
tiie  other  hand,  tend  to  increase  or  strengthen  the  magnetism 
of  the  field  pole.  This  armature  reaction  has  the  effect  of 
strengthening  the  field  poles  of  the  machine  which  lags,  and 
lience  tends  to  increase  its  electromotive  force.  This  strengthen- 
ing of  the  field  of  the  lagging  machine  still  further  increases 
the  forces  hrought  to  bear  upon  the  armature  to  bring  it  up 
into  step  with  the  other.  In  such  an  alternator  it  would  seem 
that  there  are,  therefore,  three  causes  at  work  tending  to 
maintain  synchronism  when  worked  in  parallel  with  another 
similar  machine. 

First,  the  lagging  machine  does  less  work,  and  the  engine 
therefore  gathers  speed,  and  being  relieved  of  load  will,  unless 
too  well  governed,  accelerate  the  speed  of  the  lagging  machine. 
Second,  the  leading  machine  impresses  a  reverse  electromotive 
force  on  the  lagging  machine,  and  will,  unless  the  armature 
resistance  and  inductance  are  too  great,  send  through  it  a  con- 
siderable back  current,  and  convert  the  laggard  into  a  motor. 
Third,  the  armature  reaction  comes  into  operation  to  strengthen 
the  magnetic  field  of  the  laggard,  and  increases  the  force  of 
restitution  on  the  armature.  Perfect  parallel  working  for  prac- 
tical purposes  requires  that  these  actions  shall  be  very  prompt 
— ^that  is,  that  neither  machine  shall  get  out  of  step  by  more 
than  a  very  small  fraction  of  the  whole  phase  without  being 
checked.  Hence  the  greater  the  self-induction  of  the  arma- 
ture circuit  the  slower  must  be  the  frequency  of  the  alterna- 
tions in  order  to  effect  parallel  working  well,  because  there  is 
then  a  longer  period  of  time  at  disposal  in  which  to  create  a 
rectification  of  phase  before  mischief  is  done.  The  perfection 
of  parallel  working  requires  that  the  machines  should  control 
«ach  other  equally,  whatever  the  value  of  the  current  in  the 
•external  circuit. 

Mr.  Mordey's  alternates  do  this  in  a  vexy  perfect  manner. 
Two  of  these  alternators  can  be  thrown  into  parallel  with  no 
external  load  equally  as  well  as  when  fully  loaded  up.    Two 
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alternators  so  coupled  should  control  one  another  withou1» 
much  actual  exchange  of  current.  It  is  easy  to  test  whether 
this  is  the  case  by  placing  an  ammeter  on  the  armature  circuit 
of  each  machine,  and  one  ammeter  on  the  omnibus  bars  to 
measure  the  total  current.  When  the  machines  are  running 
well  in  parallel  the  separate  armature  currents  should  be 
equal  in  total  Talue  to  the  total  current.  The  needles  of 
the  ammeters  on  each  machine  should  also  be  steady,  and  not 
▼ibrate  much,  indicating  the  existence  of  rapid  fluctuations  in 
the  current  in  each  armature. 


SYNOMRONIZINO 
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Fia  9. — Arrangement  of  Beactive  OoOs  lued  in  putting  Thomaon 

Alternators  in  Parallel 


The  Thomson-Houston  Company  insert  a  reactiye  coil  in  series 
with  the  armature  circuit  of  the  dynamo  which  is  to  be  put  in 
parallel  with  others.  This  reactive  coil  is  only  a  variable  im- 
pedance coil  (see  Fig.  104,  Chap.  II.),  which  is  useful  to  prevent 
great  rushes  of  current  taking  place  through  the  armature  of 
the  incoming  machine,  and  which  impedance  is  removed  when 
the  machine  is  in  step  with  the  others  (tee  Fig.  9). 

The  use  of  this  reactive  coil  may  be  thus  described :  When 
two  or  more  alternators  are  worked  in  parallel  on  to  the  same 
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omnibus  primaiy  main,  as  is  the  case  with  the  Thomson 
alternators  at  St.  Brieuz,  in  France,  a  reactive  coil  is  inserted 
in  the  main  oirouit  of  each  machine.  When  one  alternator  is 
working  on  the  circuit,  and  it  is  required  to  insert  another  in 
parallel  with  it»  the  incoming  machine  is  first  brought  up  to 
the  same  voltage  as  the  working  circuit.  It  is  then  synchro- 
nized by  means  of  the  synchronizing  transformers  and  lamps, 
as  described  in  §  9  of  Chapter  II.,  and  the  reactive  coil  is 
turned  so  as  to  insert  the  whole  of  the  self-induction  in  the 
armature  circuit  of  the  incoming  machine.  When  the  volts 
and  speed  of  this  last  machine  are  adjusted,  the  double  pole- 
switch  is  closed,  and  the  self-induction  gradually  removed.  By 
this  means  any  sudden  back-rush  of  currents  into  the  incoming 
machine  is  avoided,  and  also  any  outrush ;  the  load  can  be 
gradually  divided  between  the  two  alternators  by  adjusting 
their  exciting  currents  or  speeds,  and  thus  obviate  any  disturb- 
ance of  the  lighting  current. 

In  the  case  of  the  Ganz  alternators  it  is  found  desirable  to 
run  up  the  incoming  machine  on  a  bank  of  separate  lamps  to 
nearly  the  same  volts  and  amperes  as  the  machine  will  have 
when  on  the  working  circuit,  and  then  to  put  in  the  machine 
and  remove  the  artificial  load.  This  last  arrangement  seems 
necessary  only  with  alternators  of  considerable  self-induction, 
and  in  which  the  variation  of  terminal  volts  with  armature 
current  is  considerable.  With  machines  in  which  the  "  drop  " 
between  no  load  and  full  load  is  negligible  this  artificial  load  is 
not  necessary.  * 

The  ease  of  parallel  working  Is  undoubtedly  assisted  by 
employing  a  moderate  frequency  of  alternation.  At  present 
the  frequencies  now  in  use  are  by  Zipemowsky,  42  O^ ; 
Mordey,  100  ^  ;  El  well-Parker,  80^  ;  Ferranti,  83  o^  ; 
Westinghouse,  133  f\,.  The  symbol  ^  was  introduced  by 
Mr.  Mordey  to  denote  one  complete  alternation  or  period  or 
wave  of  current. 

In  addition  to  this,  the  engine  speeds  are  also  a  factor  in 
promoting  facility  of  synchronisation.  A  slow  moving  engine 
with  heavy  fly-wheel  is  less  advantageous  than  an  engine 
having  a  moderately  rapid  piston  speed  and  a  not  very  massive 
fly-wheel  for  the  parallel  working  of  alternators.  The  reason 
for  this  being  that  the  slow  moving  engine  is  only,  at  com- 
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•parativelj  great  intervals  of  time,  giving  a  push  to  the 
alternator,  and  it  is  not  therefore  ready  at  any  instant 
immediately  to  respond  and  act  on  a  lagging  armature,  in  the 
way  above  described.  It  will  also  be  evident,  from  remarks 
already  made,  that  the  governing  of  the  engine  has  a  certain 
share  in  effecting  good  parallel  working.  If  the  government 
of  the  engine  was  theoretically  perfect^  it  might,  in  one  way» 
prevent  alternators  from  getting  out  of  step,  but  it  would  prove 
a  disadvantage  in  controlling  the  engine  from  making  the 
little  spurt  necessary  to  restore  co-phasal  working  when  they 
do  get  out  of  step.  What  seems  to  be  required  is  a  governor 
that  should  not  be  too  good,  that  it  should  be  one  which 
allows  a  margin  of  racing  in  the  engine,  in  order  that  it  may 
pick  up  any  lag  in  the  alternator ;  but  which  is  good  enough 
-to  control  the  average  speed  under  varying  external  load. 

§7.  Oondnctors  employed  in  Transformer  Systems. — Con- 
ductors for  electric  lighting  purposes  by  alternating  currents 
may  be  either  underground  or  aerial  conductors.  They  are 
spoken  of  as  extra  high,  high  or  low  pressure  conductors 
according  to  the  voltage  of  the  current.  This  division,  of 
course,  is  perfectly  arbitrary,  but  for  the  purpose  of  legislation 
the  English  Board  of  Trade  have  defined  a  low-pressure  con- 
ductor when  used  with,  alternating  currents,  to  be  a  circuit 
such  that  the  difference  of  pressure  between  the  lead  and 
return  wires  is  the  equivalent  of  150  volts.  A  difference  of 
potential  on  the  alternating-current  system  is  deemed  to  be 
the  equivalent  of  a  difference  of  potential  on  the  continuous- 
current  system  when  those  pressures  produce  an  equal  heating 
effect  if  applied  to  the  ends  of  a  thin  stretched  wire  or  carbon 
filament.  A  high-pressure  conductor  is  defined  to  be  a  con- 
<luctor  between  the  lead  and  return  of  which  a  greater 
difference  of  pressure  exists  than  150  volts.  An  extra  high 
pressure  is  defined  to  be  a  pressure  greater  than  3,000  volts. 

High-pressure  conductors  for  the  purpose  of  electric  lighting 
by  alternating  -  current  systems  require  exceedingly  careful 
insulation;  and  many  systems  for  the  insulation  of  such  con- 
ductors, both  for  high  and  extra  high  pressures,  are  now  in 
use,  some  of  which  have  been  described  in  the  foregoing 
•sections.     The  use  of  overhead  high-pressure  conductors  is  not 
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eQGonraged  by  the  Board  of  Trade,  and  they  have  laid  dowiv 
Btrmgent  regulations  as  to  the  manner  in  which  such  aerial  eon- 
dactors  shall  be  erected  and  maintained.  Speaking  generally,, 
when  OTerhead  conductors  are  used  for  high-pressure  distribu- 
tion,  these  consist  of  some  form  of  highly  insulated  stranded 
copper  conductor,  either  7/20,  7/18,  7/16,  or  19/18,  which  is 
suspended  from  a  standard  steel  stay  line  or  bearer  of  7/16, 
both  the  conductor  and  the  stay  line  being  insulated  preferably 
by  fluid  insulators  such  as  those  shown  in  Fig.  6,  the  cable 
being  suspended  from  the  stay  line  by  rings  and  leather 
thongs  at  short  intervals  (see  Fig.  10). 


Fia.ia 


To  show  how  the  length  of  span  may  be  increased  by  the 
use  of  the  bearer  wire,  the  following  table  has  been  drawn  up, 
giving  the  length  of  span  which  might  safely  6e  used  on  the 
two  systems,  supposing  that  the  dip  remains  the  same  in  both 
cases,  and  that  a  wind  pressure  of  201b.  is  allowed  for : — 


Conductor. 
Ko.  of  stranda. 


Allowable  span. 


Without  bearer. 


With  7/16  bearer. 
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When  passing  through  towns,  the  Board  of  Trade  require  that 
the  conductors  in  any  street  shall  not  be  of  a  lees  height  from 
the  ground  than  30ft.,  where  they  cross  the  street^  or  go  within 
6ft.  of  any  building  or  erection  other  than  the  support  for  the 
conductor.  Spans  between  the  supports  are  not  to  exceed  200ft. 
for  straight  runs,  or  l50ft.  for  curves.  Every  support  or  pole,  if 
of  metal,  is  to  be  connected  to  the  earth,  and  if  of  wood  to  have 
an  efficient  lightning  conductor  connected  to  it,  of  approved 
pattern.  Every  high-pressure  aerial  conductor  controlled  by 
these  regulations  for  public  supply  must  be  continuously 
insulated  with  a  durable  and  efficient  material,  to  be  approved 
by  the  Board  of  Trade,  of  a  thickness  of  not  less  than  -^th  part 
of  an  inch,  and  in  cases  where  an  extreme  difference  of  potential 
exceeds  2,000  volts,  the  thickness  of  insulation  must  not  be 
less  in  inches  or  parts  of  an  inch  than  the  number  obtained  by 
dividing  the  number  representing  the  volts  by  20,000.  This 
insulation  must  be  further  efficiently  protected  on  the  outside 
against  injury  by  removal  or  abrasion.  The  material  used  for 
insulating  the  high-pressure  aerial  conductors  is  preferably  the 
best  vulcanised  rubber  covering,  overlaid  with  a  protecting 
covering ;  but  the  Board  of  Trade  Rules  permit  the  use  of  any 
material,  provided  that  it  is  not  liable  to  injurious  change  of 
structure  when  exposed  to  any  temperature  between  10^  and 
ISO"*  F.,  or  by  contact  with  the  ordinary  atmosphere  of  towns 
or  manufacturing  districts. 

The  maximum  working  current  in  any  aerial  conductor  is 
defined  to  be  one  which  will  not  raise  the  temperature  of  the 
conductor  in  any  part  to  a  greater  extent  than  dO'^F. 

In  erecting  such  aerial  conductors,  where  desirable  and  per- 
mitted, it  is  necessaxy  that  the  lead  and  return  conductors 
should  not  be  distant  from  one  another  by  more  than,  say, 
12in.,  in  order  that  the  inductive  effect  of  the  alternating 
current  flowing  in  them  may  not  produce  any  disturbances  in 
neighbouring  telephone  wires. 

In  a  case  where  aerial  conductors  have  been  erected  by 
supply  companies  in  Great  Britain,  who  afterwards  take  a  Pro- 
visional Order  for  that  district  of  supply,  the  local  authorises 
have  the  right  to  require  the  removsJ  of  the  overhead  conduc- 
tors within  two  years  after  the  date  of  the  Order  if  they  think 
fit      When,  however,  the  local  authorities  permit  the  con- 
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tinuanoe  of  such  conductora,  they  have  to  be  ereoted  and  main- 
tained under  the  Board  of  Trade  Bules,  to  which  reference  has 
just  been  made.  Although  there  are  conditions  under  which  the 
use  of  such  overhead  conductors  is  desirable  for  economical 
reasons,  there  is  little  doubt  but  that  the  only  permanently 
satisfactory  method  of  supply  is  by  underground  conductors. 

In  designing  |the  conductor  system  for  a  transformer  station 
there  will  in  general  be  two  sets  of  conductors  which  have  to  be 
providedi  the  high-pressure  conductor  system  conveying  ih^ 
primary  current  from  the  generating  station  to  the  transformer 
centres,  and  the  low-pressure  distributing  conductors  which 
convey  current  to  the  premises  of  consumers.  With  regard  to 
underground  high-pressure  conductors,  broadly  speaking,  there 
are  three  systems  in  use. 

In  the  first,  some  form  of  highly  insulated  cable  is  drawn 
into  well-scoured  iron  or  earthenware  pipes.  In  laying  down  a 
system  of  this  kind,  the  roads  and  pavements  are  first  opened 
up  in  sections,  and  the  pipes  laid  with  brick-built  drawing-in 
boxes  at  bends  and  every  80  or  100  yards  in  straight  runs.  In 
laying  down  the  pipes  an  iron  wire  is  run  through  them,  by 
means  of  which  the  cables  are  drawn  in  subsequently.  On  the 
completion  of  the  pipe-laying,  highly-insulated  conductorSi 
most  generally  insulated  with  the  best  vulcanised  indiarrubber, 
and  with  an  additional  protecting  covering,  are  drawn  in.  In 
cases  where  the  insulating  material  consists  of  some  fibrous 
vegetable  matter,  impregnated  with  insulated  material  such  as 
oil,  resin,  or  bitumen,  it  is  necessary  that  the  cable  should 
be  further  protected  by  a  continuous  lead  covering  drawn  on  to 
it,  and  the  lead  itself  further  protected  by  coverings  of  tarred 
hemp.  In  some  cases  a  number  of  cables  are  drawn  in  together 
to  the  iron  pipe,  or  bunched  as  it  is  called.  This  is  not,  on  the 
whole,  a  desirable  proceeding,  the  cables  necessarily  get  matted 
together,  and  the  withdrawal  of  any  one  of  the  number  subse- 
quently is  often  a  matter  of  great  difficulty,  if  not  impossibility. 
In  winter,  water  may  get  access  to  the  pipes  and  freeze,  binding 
together  the  cables  in  such  a  way  that  they  cannot  be  separated 
without  drawing  out  the  whole  bunch.  Whenever  iron  pipes 
are  employed,  by  far  the  best  way  is  to  have  one  pipe  for  each 
cable,  selecting  the  pipe  of  such  size  that  the  cable  could 
easily  be  drawn  in  and  out.    In  some  cases,  instead  of  using 
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iron  or  stonewure  pipM,  conduita  formed  of  oement  or  bitomea 
eoncrete  have  been  employed.  In  these  oases  the  conduit  con- 
sists oE  a  mass  of  material,  vhich  is  pierced  with  nhmm^iia  op 
ways,  in  each  of  whidi  insulated  cable  is  drawn,  Buitabls 
drawing-iu  boxes  being  built  at  interrals.  There  is  no  question 
that  such  entire  aepaiation  of  high-pressure  cables  is  denrable  ; 
if  cables  are  bunched  together,  then  a  fault  in  one  is  very  liable 
to  extend  to  others  at  the  same  spot,  disturbing  a  whole  groui> 
of  conductors.  When  the  separate  drawing-in  system  ia  em- 
ployed, each  oonduotor  can  be  removed  fbr  examination  and 
replaced  separately. 

Secondly,  in  opposition  to  these  drawiog-in  systems,  thwe 
■re  the  systems  in  which  insulated  cables  are  imbedded  in  some- 
solid  insulating  material,  oi  drawn  into  pipes  which  are  filled 


Fca.  II. — Section  of  Itod  Troughing,  a,  ibowing  Ctlilea,  0,  carried  en 
Wooden  Bearer,  b,  had  set  iiolid  in  Bitumen,  d,  u  laid  on  the  Callender 
Bf  stem  for  Bigh-Teniion  Ckblos. 

with  heavy  oil.  The  best  known  of  these  systems  is  that 
adopted  by  the  Callender  Bitumen  Company,  of  laying  fairly 
well  insulated  cables  in  iron  troughs,  which  are  subsequently 
poured  in  and  sealed  with  natural  asphalts  on  bitumen.  In 
this  system  a  series  of  iron  troughs  about  6in.  wide  and  4in. 
deep,  are  laid  down  in  the  roadways  and  streets.  Bearers  of 
wood,  impregnated  with  bitumen  or  other  insulating  material 
of  the  shape  shown  in  Fig.  11,  are  then  placed  in  the  troughs, 
at  intervals  of  ISin.  or  Sft.  The  oables  are  then  laid  in . 
the  troughs  on  these  bearers  and  oarefully  strained  out,  the 
bearen  keeping  them  in  poeitiou.  When  a  sufficient  length  of 
the  cable  has  thus  been  laid  and  stretched,  the  trough  is  poured 
full  with  melted  bitumen  or  natural  Trinidad  asphalte,  and  on 
cooling  the  oables  are  set  fjast  in  the  interior  of  the  solid  moss  ^ 
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an  iron  lid  is  then  put  on  the  trough,  and  the  roadway  filled  in. 
At  intervals,  junction  boxes  are  provided,  at  which  off-sets  can 
be  taken,  and  when  the  joints  are  made  in  these  boxes  they  are 
likewise  filled  in  with  melted  bitumen.  Experience  has  so  far 
shown  that  this  system  is  a  satisfactory  method  for  insulating 
cables  with  pressures  not  exceeding  2,000  volts,  and  that  if  the 
work  is  carefully  and  properly  carried  out,  it  affords  a  pemuk 
nently  satisfactory  method  of  insulating  high-pressure  cables. 

Another  method  of  laying  and  insulating  high-pressure  cables 
is  one  that  has  been  for  many  years  advocated  by  the  late  Mr. 
David  Brooks,  and  is  now  carried  out  by  Messrs.  Johnson  and 
Phillips,  of  London.  Under  this  method,  a  system  of  wrou^t- 
iron  piping  is  laid  down,  and  a  cable  is  drawn  in,  consisting  of 
a  copper-stranded  conductor  covered  with  a  covering  of  jute  or 
hemp.  This  hemp-covered  conductor  is  first  thoroughly  desic- 
cated and  boiled  in  resin  oil,  so  as  to  impregnate  the  fibres 
thoroughly  with  the  insulating  oil.  This  impregnated  cable 
being  drawn  into  the  iron  pipe,  the  pipe  is  filled  up  with 
the  same  insulating  oil,  forced  into  it  from  the  lowest  level. 
Allowance  is  made  for  the  expansion  of  the  oil  and  difference  of 
level  by  means  of  stand  pipes  which  maintain  the  hydraulic 
pressure  of  the  oil  in  the  pipe.  This  method  of  fluid  insulation 
has  not  yet  been  widely  used,  but,  having  regard  to  the  success 
which  has  attended  the  use  of  oil  as  an  insulating  material  in 
the  case  of  transformers,  there  is  good  reason  to  believe  that  a 
properly  worked -out  system  of  fluid  insulation  for  high- 
pressure  conductors  would  be  one  which  would  be  attended 
with  great  success.  The  immense  advantage  of  a  fluid  insii* 
lator  is  that  it  cannot  be  permanently  cracked  by  a  spark,  but 
heals  up  after  a  discharge  has  passed. 

The  third  system  of  insulation  which  has  been  so  fax, 
adopted  for  high  and  extra  high  pressures  is  that  of  concentric 
stranded  or  solid  tubular  conductors,  the  insulating  material 
between  the  conductors  being  either  paper  impregnated  with 
various  waxes,  as  used  by  Mr.  Ferranti,  and  fully  described  in 
a  former  section,  or  the  Siemens  Concentric  Cable,  which  has 
been  described  in  §  7  of  Chapter  II.  of  this  volume.  Other 
makers,  such  as  the  Fowler-Waring  Company,  also  supply 
high-pressure  concentric  cables,  instigated  with  jute  impreg- 
nated with  resinous  or  oily  material. 

BB 
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In  seleoting  the  proper  size  and  form  of  cable  to  be  used  with 
alternating  current,  it  is  necessaiy  to  take  into  consideration 
the  fsict  referred  to  in  Vol.  I.,  §  11  of  Chapter  lY.,  in  which  it 
is  pointed  out  that  the  flow  of  alternating  current  is  practically 
confined  to  a  certain  external  layer  of  the  conductor  when 
this  last  is  aboye  a  certain  size,  and  that  the  diameter  of  any 
conductor  which  can  be  economically  employed  for  alternating 
currents  is  determined  by  the  periodicity  of  that  current.  In 
the  section  referred  to,  it  has  been  shown  that  the  effect  of 
the  periodicity  of  the  current  is  practically  to  increase  the 
resistance  of  the  conductor  in  consequence  of  th&  fact  that  the 
current  flow  takes  place  in  the  outer  layers  of  the  conductor. 

In  the  case  of  continuous  currents,  or  currents  having  a  very 
slow  rate  of  alternation,  the  distribution  of  the  current  is 
uniform  oyer  the  cross-section  for  any  practical  size  of  con- 
ductors. On  the  other  hand,  as  the  rates  of  alternation 
increase,  the  current  is  more  or  less  limited  to  the  outer 
layers  of  the  metal,  and  the  resistance  of  the  conductor  is 
therefore  increased,  because  the  central  portions  of  the  con- 
ductor are,  as  it  were,  not  used  by  the  current,  and  might, 
therefore,  just  as  well  be  absent.  Lord  Rayleigh  has  giv^ 
as  previously  stated,  a  formula  by  which  such  increase  of 
resistance  could  be  stated ;  and  Mr.  Mordey,  working  from  the 
calculations  given  by  Sir  William  Thomson,  gave  in  his  Paper 
on  '*  Alternate  Current  Working"  a  table  showing  the  increase 
of  resistance  over  and  above  the  true  ohmic  resistance  of  the 
conductor,  calculated  for  various  frequencies  and  on  the  basis 
that  the  density  of  current  is  taken  at  450  amperes  per  square 
inch.  Such  a  current  density  gives  a  loss  of  1  per  cent,  per  mile, 
with  2,000  volts ;  it  also  gives  about  1  per  cent,  loss  per  100 
yards  with  100  volts,  or  more  exactly  1  '5  per  cent  In  the  table 
on  page  371  the  increase  of  resistance  for  conductors  of  different 
sizes  is  given  for  three  different  frequencies :  80,  100  and  133. 

The  first  two  columns  give  the  diameter  of  the  conductor, 
the  second  two  columns  its  sectional  area,  the  fifth  column 
gives  the  amount  as  a  percentage  by  which  the  virtual 
resistance  of  the  copper  conductor  for  that  frequency  exceeds 
the  true  steady  or  ohmic  resistance  of  that  conductor.  The 
sixth  column  gives  the  current  flowing  in  the  conductor*  It 
will  be  seen,  therefore,  that  at  the  frequency  of  80  for  conduc- 
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ton  of  less  than  half  an  inch  in  diameter,  the  increase  in  resis- 
tance due  to  frequency  is  negligible,  or  at  any  rate  something 
less  than  2^  per  cent.  For  conductors,  lin.  in  diameter  and 
upwards,  the  increase  in  resistance  due  to  the  non-uniform 
distribution  of  the  current  over  the  cross  section  of  the  con- 
ductor becomes  very  serious  even  for  a  frequency  of  80,  and 
hence,  the  practical  deduction  from  this  is  that  in  no  case 
should  a  copper  conductor,  intended  for  the  conveyance  of  alter- 
nating currents,  have  a  thickness  or  diameter  greater  than 
half  an  inch,  and  preferably  rather  less  than  that. 

Table  shotoinff  Percentage  Increase  of  Besistance  in  Conductors 
(copper)  of  various  diarneters  employed  with  Alternating 
Currents  of  various  frequencies. 


Diameter 
of  oopper. 

MM.!  Inch. 


10     -3937 

15     -590*. 
20     1874 
25     -9842 
40  1-575 
100  3-937 
1,00039-37 


9     -3543 


13-4 

18 

22-4 

776 

11-61 

15-5 

19*86 


Area  of 
cro«8-8ectloii. 


iq.  mm 


78-54 

1767 

U4-16 

i90*8 
1,256 
7,854 

785,400 


68-62 


-5280 141-8 
7086  2S4-4 


'8826 


394 


•3013 


*4570106 
•6102189 
7622294 


47-2 


Sq.in. 


-12 

•27',^ 

•487 

760 

1-95 

12-17 

1,217 


-098 

•218 
•894 
•611 


•071 

•164 
•292 
•406 


Inoreaie 

oyer 

ordinary 

leslitaace. 


{ 


Lessthanl 

3*8  tunes 
36  times 


/Lees  than! 


Current 

at  460 

amperes 

jer  sq.in. 

WatU  at 
2,000  Tolts 

Watts 
at  100 
volts. 

55 

133 
220 

•  •■ 
«  •• 

•  •• 

•  •■ 

110,000 

266,000 
440,000 

•  •• 

•  •  • 

•  •• 

5,600 

13,300 
!2,000 

•  •• 

■  •  • 

•  •• 

•  •• 

46 

98-6 
178 

90,000 

197,000 
356^000 

•  •• 

4,500 

9,850 
17,800 

•  •• 

32 

74 
131-4 

•  •• 

64,000 

148,000 
263,000 

a  •• 

8,200 

7.400 
13,140 

•  •  • 

^  per 
second. 


80 


100 


-188 


This  virtual  resistance  effect  wUl  not  be  found  to  be  at  all 
important  in  high-pressure  conductors,  the  limitations  imposed 
by  the  amount  of  energy  which  it  is  safe  to  convey  through  the 
single  cable  will  generally  render  it  necessary  to  keep  down  the 
diameter  of  the  cable  below  the  point  at  which  the  virtual 
resistance  effect  is  sensible ;  but  for  the  low-tension  secondary 
conductors  working  at  100  volts,  it  is  necessary  to  avoid  the 
use  of  conductors  of  a  greater  diameter  than  half  an  inch.  This 
is  generally  not  difficult  to  do  and  can  always  be  attained 

BB  2 
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by  using  a  multiplex  cable  instead  of  one  single  thick  one. 
The  same  remarks  of  course  apply  to  concentric  tubular  con- 
ductors, whether  constructed  with  solid  tubes  or  with  stranded 
oonductors ;  in  any  case  a  thickness  of  metal  greater  than  half 
an  inch  should  be  avoided  for  frequencies  in  the  neighbourhood 
of  80  to  100.  Where  higher  frequencies  are  used  it  will  be 
essential  to  employ  conductors  of  much  less  diameter  and  thick- 
ness. Thin  insulated  strips  of  copper  would  have  to  be  em- 
ployed for  frequencies  of  200  and  upwards  in  order  to  avoid 
serious  waste  of  materiaL 

§8.  Effect  of  ikltemating-Ourrent  Flow  through  Ooncentrie 
Cables. — In  the  distribution  of  alternating  currents  by  oonduc- 
tors in  which  the  lead  and  return  are  separate  cables,  there  is 
great  risk  of  producing  inductive  disturbance  in  telephone 
and  telegraph  wires  even  at  considerable  distances.  The  only 
method  by  which  absolute  immunity  from  such  disturbance  can 
be  secured  is  by  the  employment  of  concentric  cables  in  which 
the  one  conductor  wholly  encloses  the  other.  These  conductors, 
which  may  be  called  the  inner  and  outer  members,  may  be 
copper  concentric  tubes,  or  stranded  cables  in  which  the  inner 
member  is  a  simple  strand  of  naked  copper  wires  insulated  and 
overlaid  by  an  enclosing  cylindrical  strand  which  forms  the 
outer  member.  Cables  of  this  kind  can  be  employed  with 
alternating  currents  of  any  strength  and  cannot  produce  any 
inductive  disturbance  on  other  wires,  because  there  is  na 
external  magnetic  field  in  the  case  of  the  concentric  cable. 
On  the  other  hand,  such  concentric  cables  possess  very  marked 
electrostatic  capacity,  and  which  generally  seems  to  be  some- 
thing like  one-third  of  a  microfarad  per  mile  between  the  inner 
and  outer  members.  There  are,  in  fact,  two  capacities  to  be 
considered — the  capacity  between  the  inner  and  outer  members 
or  conductors,  and  the  capacity  between  the  outer  conductor 
and  the  earth.  The  last  is  always  greater  and  sometimea 
much  greater  than  the  former.  The  capacity  between  the 
inner  and  outer  members  can  be  calculated  from  the  well- 
known  formula  for  the  electrostatic  capacity  of  two  oo-axial 
cylinders.  If  R,  is  the  radius  of  the  circular  cross-section  of 
the  exterior  of  the  inner  tube,  and  B,  is  the  radius  of  the 
cross-section  of  the  outer  tube,  then  the  electrostatic  capacity 
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for  a  length  I  of  the  oondenser  fonned  of  these  two  oonoentrio 
co-uzial  oylinders  is  given  by  the  formula 

0-       ^^ 


where  K  is  the  speoifio  mductiTe  capacity  of  the  dieleotrio 
between  the  eylindera.  The  capacity  will  be  given  by  the 
above  in  absolute  electrostatic  units ;  but  if  I,  B^  and  B,  are 
measured  in  centimetres  the  multiplication  of  the  above  by 

will  reduce  it  to  capacity  in  farads,  or  •- to 


9x10"  "^    ''  '       9xl0» 

microfikrads.  For  example,  the  ratio  of  R3  to  B,  in  the  case 
of  the  ^inch  section  Ferranti  nudn  is  'EiJB^«'2'27,  and  the 
capacity  per  mile  run  is  *367  microfarads;  taken  between  the 
inner  and  outer.  The  capacity  between  the  outer  copper  and 
the  iron  tube  is  nearly  ten  times  greater.  When  such  concentric 
cables  are  employed  for  the  transmission  of  alternating  currents 
peculiar  effects  of  rise  of  electric  pressure  often  make  them- 
selves  felt  which  depend  on  the  fact  of  the  sensible  capacity 
of  the  mains.  In  fact,  concentric  cables  behave  very  much 
as  if  they  consisted  of  a  pair  of  non-capacious  mains,  or  mains 
without  capacity,  bridged  across  by  a  condenser  or  condensers. 
The  combination  and  reaction  of  this  capacity  on  the  self- 
induction  of  the  generating  apparatus  and  the  reaction  of  the 
condenser  back-electromotive  force  on  the  field-magnets  of  the 
generator  produce  effects  peculiar  to  the  case,  which  need  to 
he  understood  by  those  concerned  in  dealing  with  such  systems 
of  conductors.  In  order  to  understand  the  nature  of  these 
effects  it  is  necessary  to  examine  the  peculiarities  of  the  current 
flow  in  the  simplest  possible  case,  viz.,  when  an  alternator 
acts  through  an  inductive  line,  or  is  connected  to  a  pair  of 
leads  which  we  shall  primarily  suppose  to  be  without  capacity 
but  which  possess  resistance  and  self-induction  and  which  are 
joined  across  by  a  condenser  of  known  capacity  shunted  by  an 
inductive  resistance.  We  may  then  pass  on  to  consider  the 
nature  of  similar  effects  when  the  capacity  is  supplied  by  a 

concentric  cable  connected  to  any  alternator  or  transformer.* 

— ^™^^^— ^»^—  ^.^1^^^^^^— ^.»»^^^^^— ^^— ^^— ^^-^  _^^^^^^_^^^_^,^ 

*  Than  problems  have  been  treated  by  geometrical  methods  hy  Mr. 
Blakeeky  in  hia  book  on  "Alternating  Currents,"  to  which  we  refer 
the  reader. 
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Let  A  (Fig.  12)  be  an  alternator  connected  to  an  induotive 
circuit,  a  bf^  of  yrhich  the  section  a  6  has  induotanoe  L  and 
resistance  K,  and  the  section  hf  has  inductance  I  and  resist- 
ance r.  At  h  let  a  condenser  of  capacity  C  be  inserted,  and 
let  the  terminals,  e,  d^  and  /  of  the  line,  condenser,  and  alter- 
nator be  to  earth. 

Let  Vq  be  the  potential  at  a  at  any  instanti  and  v^  that  at  &  ; 
and  let  V^,  Y|,  be  the  maximum  values  of  these  potentials, 
supposed  to  vary  harmonically.  Let  »\  and  i^  be  the  currents 
at  any  instant  in  the  sections  of  the  line  a  6,  &/,  and  i  the 
current  flowing  into  the  condenser,  and  let  I^,  I^^  I|  be  the 
maximum  values  of  the  same.  Under  these  circumstances  we 
proceed  in  the  first  place  to  investigate  analytically  what  are 


Fig.  12. 


the  relative  values  of  Yq  and  V^,  or  their  ratio  to  one  another. 
We  have  always,  by  the  principle  of  continuity, 

*    »+to (1); 


2 


also,  at  any  instant 


IT 


(2); 


and  by  the  usual  current  equation 

dt  * 


(3)  J 


but  we  may  write,  as  the  currents  are  simply  periodic, 

i^^\%mpt (4); 

where  p  =  2  ir  »,  n  being  the  frequency  of  the  periodic  current 
in  a  6,  and  t  the  time  reckoned  from  the  instant  when  the 
current  in  this  first  section  is  zero. 
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By  elimination  of  v^,  t^  and  i  from  the  above  four  equations 
we  find  easily  that 

Cl'^+Cr^  +  ^^l^Binpt   .    .    .     (5). 
dt^  dt      ^      ^  ^  ^ 

Since  t,  must  also  be  a  simple  periodic  current,  lagging  in  phase 
behind  that  of  the  current  t\,  we  may  take  i^  to  be  of  the  form, 

tj«l2sin(p«-^) (6). 

Hence  by  a  differentiation  of  (6),  and  substitution  in  (5),  we 
arrive  at 

which,  by  a  well-known  transformation  (see  Zemma,  §  17, 
Chap.  III.,  YoL  I.),  may  be  put  in  the  form, 


l^J{l'Glp'y  +  C^7^p^Bin(pt''e  +  <l>)^I^Bmpt  (8). 

Both  sides  of  this  equation  (8)  are  expressions  for  the  same 
thing — namely,  the  value  of  t\ — hence  equating  coefficients, 
we  have, 

yf=>(l-Clp^y  +  C?7^p^     .    .    .    (9). 


©' 


Patting  a  =  1  -  C  /^*,  and  6  =  C  rp,  we  have, 


^^^'-aJ  +  6J (10). 


(^ 


This  gives  us  the  ratio  of  the  maximum  or  square  root  of  the 
mean  square  values,  of  the  currents  in  the  two  sections  of  the 
line  on  either  side  of  the  condenser. 

It  is  convenient  next  to  shift  the  origin  of  the  time,  and 
take  the  instant  when  the  current  i^  is  zero  as  a  point  from 
which  to  reckon  the  time. 

Doing  this  we  can  write, 

tj^lgsinpu (11), 

and,  accordingly,  from  (10), 

i^'^I^  Jc?Th^  Bin  (pt +6); 
or  i^'^I^  {a  Bin  pt  +  b  COB  pt)  ,    .    .     (12)j 

hence,  fj-tj^Ij  (a- 1  sinp<  +  6  cospe)  .     .     (13); 
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but  from  (1)  and  (2) 


dv 


or  ^i^TT-  (ft  Binp«+l-aco8p«)    •    •    (14); 

Qp 

.*.  V,  -  ^  Va  -  P  +  6*  - 1,  7  r,+ft  f,  .    .     (16). 
We  have  next  to  find  the  value  of  Yg.    We  see  that 

v„-«,-l4^  +R.1    ....    (16); 
at 

and  if  we  substitute  in  (16)  the  value  of  »\  given  in  (12),  and 
of  Vj  given  in  (14),  and  integrate,  we  arrive  at 

»o-Is|  (Ba+Q— -Lp6j8inp«  +  (R6+-QT-+L|?aJco8p«|  ; 

h  1-a 

but,  since  ^  =  r,  and  -j^ —  =  p  ^  we  get  by  proper  substitu- 
tion in  the  above  equation,  and  by  the  application  of  the  rule 
for  harmonic  maxima,  the  equation, 

Vo-  ^   ^/(A2  +  B*)  (a2  +  b^)  +  2B6-2Aa  +  1    (17)t 

where 

A  =  l-CLp2;  a  =  lC^p2. 

B  -  CRp;  5  «  Crp. 

Equations  (15)  and  (17)  give  us  the  values  of  the  maximum 
or  mean  potentials  at  the  generator  and  condenser  end  of  the 
line  ah.  If  we  divide  equation  (17)  by  equation  (10),  we  get 
a  value  for  the  ratio  of  Yq  to  Y^.  A  little  tedious  process  of 
division  and  substitution  brings  us  finally  to  the  required 
result,  which  is, 

^-^(A.+B»)+(l  -  2CZ^^^5^ +^+ ^5,^  (18) 

This  last  equation  furnishes  us  with  the  required  result^  vis., 
the  ratio  of  the  maiimnm  or  mean  potentials  at  the  ends  of 
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the  induotive  line  a  &  in  terms  of  the  coefficients  of  inductance^ 
capacity,  and  resistance. 

Given  V^,  it  enables  us  to  calculate  Vp  and  to  say  whether 
Yj  is  greater  than,  lees  than,  or  equal  to  Yq. 

Let  us  examine  some  particular  cases.  Suppose  r*  -{-jj^P  «  ao 
— ^that  is,  suppose  the  section  of  the  line  beyond  the  condenser 
removed — then 

^  =  n/A^TB*-  N/(l-CLjp2)«  +  C«R«i>«.    .    (19). 

This  reduced  case  was  treated  by  Dr.  Hopkinson  long  ago,* 
and  he  showed,  as  we  can  easily  see,  that  it  is  possible  for  the 
ratio  of  Y^  to  Y^  to  be  less  than  imity — ^that  is,  for  the  potential 
at  the  receiving  end,  or  at  the  condenser,  to  be  greater  than  the 
potential  at  the  sending  end ;  for  it  is  evident  that  for  certain 
particular  values  of  the  quantities  CLp^  and  C^R^p'  the 
value  of  the  quantity  under  the  radicle  in  equation  (19)  may  be 
a  proper  fraction.  When  this  is  the  case  its  square  root  will  also 
be  a  proper  fraction,  and  hence  Y^  will  be  greater  than  Yq. 

Equation  (19),  giving  us  the  ratio  between  the  potential 
difference  at  the  terminals  of  the  alternator  and  the  condenser, 
may  be  directly  obtained  by  an  analytical  process  of  a  simple 
character,  instead  of  by  a  process  of  reduction  from  a  mere 
general  case  of  a  shunted  condenser.  In  considering  the  re- 
duced case  we  may  proceed  thus : — Ab  before,  let  Yo  and  Vq 
stand  for  the  maximum  and  instantaneous  values  of  the  poten- 
tial  difference  at  the  poles  of  the  alternator;  let  Y^  and  Vq  be 
the  same  quantities  at  the  terminals-  of  the  condenser ;  and  let 
I  and  i  be  the  same  for  the  current  flowing  into  the  condenser 
having  a  capacity  C,  whilst  the  line  connecting  the  condenser 
with  the  alternator  has  an  inductance  L  and  a  resistance  R. 
We  have  then,  by  fundamental  equations,  the  following  rela- 
tions:— 

The  value  of  the  instantaneous  potential  difference  v^  at  the 
terminals' of  the  condenser  is  obtained  from  the  instantaneous 
value  of  the  current  flowing  into  it  by  the  relation 


^jidt^v^ 


(20). 


*  See  ProceedivgB  of  the  InstUution  of  Electrical  Engineert  for  1884, 
page  513. 
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Also,  the  value  of  the  current  %  is  given  by  the  fundamental 
equation 

L^'  +  Rt-tTo-i^ (21). 

at 

Hence  we  have 

L^  +  R,+Ifiie  =  vi  .    .    ,    .    (22). 

Consider  t  to  be  a  sine  function  in  form,  so  that 

i^lsinpt  .    •    i         •    •    (23). 
Then  by  differentiation  and  substitution  we  have 

L  « I  cos  ^  t  +  R I  sin  2?  <  -  -_  cos  j5  e  =  Va  > 

Cp 


or 


/Lp-— IIcosp<  +  RIsinp«  =  Vo  .     ^24); 


which  by  the  usual  transformation  (see  Zemmo,  §  17,  Chap.  III.^ 
Vol.  I.),  becomes 


I^^Li>-i-V  +  R«8in(p«-^)  =  t;o   .     (25). 

Hence  the  maximum  value  of  Vq,  viz.,  Yq,  is  given  by  the 
equation, 

Vo  =  ^V(l-CLi>2)8  +  C2RV.     .     .     (26). 

But  from  equations  (20)  and  (23),  we  have  also,  by  substitu- 
tion and  integration,  that  Y^  = .-- .     Hence,  by  substitution  of 

Op 

this  last,  in  equation  (26),  we  arrive  at 


Vo-ViV(l-CLp2)2  +  c2R2^2    .     .     (27), 

which  is  equation  (19)  before  obtained.  On  looking  at  this 
equation  we  see  that  the  effect  of  inserting  the  condenser  across 
the  poles  of  the  alternator  is  first  algebraically  equivalent  to 
reducing  the  inductance  of  the  whole  circuit  of  the  armature ; 
and  we  may  say  that  a  condenser  of  capacity  C,  when  traversed 
by  periodic  condenser  currents  of  frequency  n,  acts  in  any 

circuit  as  equivalent  to  an  impedance  of  magnitude  -p-.    It 
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also  acts  as  if  it  liad  a  negative  inductance  equal  to  --— >,  where 
Pj  as  usual,  stands  for  2vn,    By  a  negative  inductance 


Ci)2 

must  be  understood  a  power  of  nullifying  positive  inductance 
in  a  conductor  in  series  with  the  condenser  numerically  to  the 

amount  of  — -^  henries.     Suppose,  then,  that  a  condenser  of 

capacity  C  is  placed  in  series  with  an  inductive  resistance  of 
inductance  L  and  resistance  R,  and  a  periodic  potential  difference 
equal  to  Y^  permitted  to  act  on  the  two  in  series.    The  resultant 

inductance  of  the  whole  circuit  is  L  ~  7^— 7,  and  the  resultant 

impedance  is 

Hence  the  current  through  the  condenser  is  equal  to 

Vo 


If  the  potential  difference  of  the  two  sides  of  the  condenser  is 
called  Yp  and  the  equivalent  impedance  of  the  condenser  is 

^--,  we  may  consider  that  the  value  of  Y^  is  obtained  by  taking 

the  product  of  this  so-called  impedance  of  the  condenser,  -^-^  and 

>     Lfp 

the  value  of  the  current  flowing  through  it.    Hence  we  have, 
V  -  V"  1    . 


\/^'  +  (^-^)V 


but  this  is  the  same  expression  as  that  deduced  before,  in 
equation  (27),  for  the  ratio  of  Y^  and  Yq.  Thus  the  equation 
for  the  ratio  of  the  pressures  may  be  regarded  as  being  built 
up  on  the  assumption  that  a  condenser  behaves  towards  alter- 
nating currents  as  an  impedance  causing  fall  of  potential  in  a 
current  passing  through  it,  and  capable  of  nullifying  inductance 
in  a  circuit  connected  in  series  with  it ;  and  such  a  view  leads 
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tx>  an  equation  from  which  it  is  immediately  seen  that  under 
some  conditions  V^  must  be  greater  than  Vq.* 

We  may  regard  a  condenser,  when  subjected  to  periodic 
ourrentSi  as  a  non-dissipative  impedance,  if  the  term  may  be 
aUowed,  having  a  negative  self-induction.  A  condenBcr  allows 
a  flux  of  electricity  to  take  place  backwards  and  forwards 
through  its  dielectric,  and,  as  far  as  alternating  currents  are 
<xmcemed,  it  may  be  said  to  have  a  conductivity  for  electricity. 

*  ICr.  0.  Heaviside  pomts  out  (in  a  private  letter)  that»  if  a  oondeneer 
htm  a  true  dielectric  conductivity  K,  and  a  capacity,  or  permittance,  as  ho 
calls  it>  0,  then  for  simple  periodic  currente  of  frequency  n=pl2r  the 
oondeiiBer  acts  as  if  it  were  a  coil  of  resiitance  R'  and  inductance  L',  when 

R'sr ? ^  and  L'= "^      . 

K*+CV  K«  +  C«p« 

The  redprocal  of  the  impedance  of  the  condenser,  which  he  caUs  the 
"admittance,"  is  (R'«+i)»L'>)-i=(K*+C?i)')».  Hence,  for  coils  and  con- 
densers we  have  the  following  qualities,  which  are  analogous : — 

Coils  have  Condensers  have 

JUnttanee  B.  Conductance  K. 

Induekmee  L.  PermtUwnee  C. 

Impedance  (R*  +p*  L*)».  Admittance  (K»  +p^  C*)*. 

For  condensers  having  no  sensible  true  conductance  (perfect  condensers) 

K=0,  and  the  inductance  becomes  -  — -,  and  the  impedance-— ,  as  stated 

Cp*  Cp 

in  the  text.    These  statements  are  obviously  consequences  dedudble  from 

the  pair  of  fundamental  differential  equations  for  "  inductive  "  and  "  per* 

mittive  "  circuits,  rii.  :— 

Ll*+Rt=v, 
<  dt 

and  C^+Kvsi; 

dt 

whence  everything  else  is  deduced.  For  further  conceptions  on  resistance 
and  conductance  operators,  the  reader  u  referred  to  a  Paper  by  Mr. 
Heaviside  in  the  Philosophical  Magaziiie  for  December,  1887.  The  term 
"  impedance  "  has  now  become  absorbed  into  practical  science.  If  at  any 
future  time  alternating  currents  of  very  high  frequency  become  employed 
in  electro-technical  work,  the  capacity  effects  of  circuits  will  make  them* 
selves  more  evident  to  the  practical  man,  and  then  the  quantity  above 
€alled  the  ''  admittance  "  will  be  forced  into  view,  and  become  a  candidate 
for  notice  and  for  name.  When  working  at  very  slow  alternations,  the 
renita/nce  of  the  circuit  is  its  most  important  quality.  At  higher  alterna- 
tions the  inductance  forces  itself  into  view,  and  at  higher  still  the  capacity 
can  by  no  means  be  ignored* 
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It  is  very  easy  to  state  the  conditions  under  whioh  this  is  the- 
ease.  In  order  that  V^^  shall  be  greater  than  V^,  or  that  there- 
may  be  a  rise  of  pressure,  we  must  have 

N/(l-CLi9«)«  +  C«RV 
less  than  unity :  hence  we  must  have 

(l-CLi)«)«  +  C«E«i)*<l, 
or  1  +C2L>i)*-  2  C  Li>2<l  -  C2R«i>«, 

If  L|  R,  and  p  are  constant,  the  value  of  C  which  makes  the- 
ratio  of  Yj  to  Vq  a  maximum  is 

0^-^ 

Hence,  if  the  capacity,  C,  of  the  condenser,  measured  in  farads,. 
is  le$s  than  the  quotient  obtained  by  dividing  twice  the 
inductance  of  the  line,  L,  measured  in  henries,  by  the  square  of 
the  impedance  VR'  +p^  L^,  we  shall,  under  these  circumstances, 
find  a  rise  in  pressure  at  the  condenser  end.  For  example, 
suppose  the  value  of  n  or  the  frequency  is  67,  then  pa 421,. 
and  1^  a  177,241.  If  R-l  ohm,  and  L»*l  henry,  then 
R2  +ps  U  s  1|773,  and  there  ought  to  be  a  rise  in  pressure  if  C 
is  greater  than  112  microfarads ;  or,  if  R«l  ohm,  and  LsbIOO' 
henries,  then  R^+jp^L^*- 1,772,410,000,  and  there  ought  to  her 
a  rise  in  pressure  if  C  is  greater  than  one-eighth  of  a  microfarad. 
Oenerally  speaking,  the  greater  L,  the  less  will  be  the  critical 
value  of  C.  For  high  frequencies  the  criterion  of  rise  of 
pressure  at  the  condenser  end  is 

2 

That  is  to  say,  the  critical  capacity  is  just  twice  that  which 
will  at  the  given  periodicity  nullify  the  inductance  of  the 
armature  circuit.  It  is  worth  while  to  note  that  even  if  the 
criterion  for  rise  of  pressure  at  the  condenser  end  is  fulfilled  by 
L,  R,  C,  and  p^  yet,  as  seen  from  equation  (18),  a  sufficiently 

small  impedance  ( J  f^+p^P)  in  the  shunt  may  nullify  the 
effect  and  force  Y^  to  be  less  tiian  Y^. 
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These  condenser  effects,  as  they  may  be  called,  are  very 
strikingly  shown  when  cuirents  of  high  frequency  are  used. 
Quite  recently,  Mr.  Nikola  Tesla  has  published  some  interesting 
observations  and  experiments  on  alternating  currents  with  the 
very  high  frequencies  of  10,000  to  20,000  alternations  per 
second,*  and  amongst  these  he  has  described  an  experiment 
with  a  condenser  joined  across  the  poles  of  such  an  alternator. 
A  machine  was  used  giving  about  20,000  alternations  per 
second.  Two  bare  wires  about  20  feet  in  length  were  attached 
to  the  poles,  and  their  ends  connected  to  the  terminals  of  a 
condenser.  The  difference  of  potential  between  parallel  points 
on  these  wires  was  explored  by  a  voltmeter,  and  it  was  found 
that  the  potential  difference  of  parallel  points  on  the  wires 
steadily  rose  inch  by  inch  from  65  volts  at  the  terminals  of  the 
alternator  to  120  volts  at  the  terminals  of  the  condenser;  and 
the  writer  states  that  observations  on  the  self-induction  of  the 
armature  in  its  position  of  maximum  and  minimum  inductance 
showed  that  the  capacity  which  gave  the  greatest  rise  at  the 
condenser  end  correspond  apparently  to  that  which  would  about 
nullify  the  mean  self-induction  calculated  from  the  observed 
maximum  and  minimum.  This  entirely  corresponds  to  the 
above  theoretical  deduction. 

The  fact  that  when  a  condenser  is  thus  charged  by  an 
alternating-current  machine  its  terminal  potential  difference 
may  be  very  much  greater  than  that  of  the  machine  terminals, 
at  similar  speeds  and  excitation,  but  with  the  condenser 
removed,  appears  to  have  been  noticed  experimentally  prior  to 
the  time  when  the  simplest  case  was  mathematically  treated 
by  Dr.  Hopkinson.  In  the  Paper  of  the  latter  above  referred 
to,  it  is  mentioned  that  Dr.  Muirhead  had  observed  it  experi- 
mentally. In  the  discussion  which  followed  Dr.  Hopkinson's 
paper  Mr.  Blakesley  dealt  with  the  same  matter  in  some 
geometrical  diagrams,  and  Prof.  Ayrton  mentioned  that  in  1878 
or  1879  Mr.  Munro  took  out  a  patent  for  the  use  of  condensers 
in  combination  with  an  alternate-current  machine. 

§  9.  Diagram  of  Electromotive  Forces. — ^The  problem  just 
treated  analytically  may  be  solved  by  geometrical  methods  by 

*  See  EkcMeian,  March  6, 1891,  p.  549. 
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employing  the  olook-diagrams  of  electromotive  forces  as  used 
by  Mr.  Blakesley,  Mr.  Eapp,  and  the  author  in  the  first  volume 
of  this  work. 

In  such  diagrams  we  take  lines  drawn  radially  in  different 
positions  from  a  centre  0  to  represent  the  maximum  values 
and  relative  phases  of  various  electromotive  forces.  If  such  a 
diagram  of  lines  is  considered  to  revolve  round  a  common 
central  point,  the  projection  of  these  radial  lines  on  any  dia- 
meter or  line  drawn  through  that  centre  will  represent  the 
instantaneous  values  of  these  electromotive  forces.  We  proceed 
to  draw  such  diagrams  for  the  case  of  a  generator  yielding  a 
simple  periodic  electromotive  force  acting  on  circuits  of  various 
kinds. 

It  will  be  advantageous  to  consider,  as  a  preliminary,  the 
simpler  cases  first,  in  which  the  poles  of  the  alternator  are 
closed  by  (1),  an  inductive  circuit  having  no  capacity ;  (2),  by 
a  condenser  with  no  self-induction  in  series  with  it ;  (3),  by  a 
<H>ndenser  in  series  with  an  inductive  line,  and  then  to  discuss 
the  complete  problem ;  (4),  of  a  condenser  shunted  by  an  in- 
ductive shunt  and  in  series  with  an  inductive  charging  circuit. 

We  may  refer  the  reader  in  this  connection  to  a  series  of  clear 
elementary  papers  by  Mr.  Eapp  on  this  matter,  published  in 
The  Elect/rician,  Vol.  XXVI.,  pp.  197  and  229.  Mr.  Kapp 
-shows  how  electromotive  force  diagrams  may  be  drawn  for  a 
great  number  of  cases^  starting  from  three  simple  rules  : 

(i.)  That  component  of  the  impressed  electromotive  force 
required  to  overcome  resistance  is  in  synchronism  or  in  step 
with  the  current  as  regards  phase. 

(ii.)  That  component  of  the  impressed  electromotive  force 
required  to  overcome  self-induction  is  a  quarter  of  a  period  in 
<}tdvcm£e  of  the  current  in  phase. 

(iii.)  That  component  of  the  impressed  electromotive  force 
which  is  necessary  to  overcome  the  counter  electromotive  force 
of  the  condenser  is  a  quarter  of  a  period  behind  the  current 
as  regards  phase. 

To  draw  the  dock-diagram  of  electromotive  forces  for  the 
first  case,  take  any  line  OB  {ue  Fig.  13)  to  represent  the 
maximum  value  of  the  restdtant  flectromotive  force  in  an  induc- 
tive circuit  LR,  joining  the  poles  of  the  alternator  A.  We 
shall  suppose  the  alternator  armature  to  have  negligible  self- 
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induction  and  resistanoe  in  its  annature.  This  resultant 
electromotive  force  is  that  which  has  elsewhere  been  called  th» 
effective  electromotive  force  in  the  circuit;  it  is  numerically 
equal  to  the  product  of  the  true  resistance  R  of  the  induotiye 
circuit  and  the  current  I  (maximum  value)  flowing  in  it. 

The  resultant  electromotive  force  R  I,  as  represented  by  the 
line  0  R  in  the  diagram,  is  the  resultant  of  two  other  electro- 
motive forces,  viz.,  of  the  back  or  counter  electromotive  foroe 
of  self-induction,  which  is  numerically  equal  to  Ljp  I,  and  which 
is  in  phase  90deg.  behind  the  resultant  electromotive  fozce^ 
and  the  impressed  electromotive  foroe  acting  in  the  armature 
of  the  alternator^  and  which  we  shall  represent  by  Yg  (mazi- 


S 

I 
I 


Fig.  13. 


mum  value).  Hence,  to  represent  Y^^  draw  a  line  0  L  from  O 
and  at  right  angles  to  OR,  and  numerically  equal  to  the 
quantity  Lj)I.  From  R  draw  R  Y  parallel  and  equal  to  0  L, 
and  join  0  Y.  Then  0  Y  will  represent  in  relative  phase  and 
magnitude  the  value  of  Y^  or  the  impressed  electromotive 
force,  which,  acting  in  the  armature  circuit  will  send  the  cur- 
rent I  through  the  inductive  circuit  of  impedance  JB^-k-l^jp^. 
For  OR  is  the  resultant  of  OY  and  OL,  and  the  diagram, 
shows  us  that  the  resultant  electromotive  force  and  therefore 
also  the  current  lags  in  phase  behind  the  impressed  electro* 
motive  force. 

The  second  case,  viss.,  the  diagram  of  electromotive  forces  for 
a  condenser  in  series  with  a  non-inductive  resistance,  is  con* 
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struoted  as  follows: — Let  OK  (Fig.  14)  as  before  represent 
the  resultant  electromotive  force  in  the  non-inductive  circuit, 
that  is,  let  0  R  be  numericall j  equal  to  the  product  B I  of  the 
resistance  B  of  the  circuit  and  the  current  I  flowing  in  it. 
The  condenser  exerts  an  electromotive  force  in  the  circuit, 
which  must  be  represented  by  a  line  00  drawn  in  advance 
of  OR  and  at  right  angles  to  it.  It  is  obvious  that  this  must 
be  the  case,  because  the  potential  difference  of  the  plates  of 
the  condenser  comes  to  a  maximum  one  way  or  the  other  at  the 
Instant  when  the  current  flowing  into  or  out  of  the  condenser 


OA 


Op 


Fio.  14. 


is  zero ;  also  when  the  current  is  beginning  to  flow  into  the 
condenser  and  just  rising  beyond  zero  the  potential  difference' 
of  the  plates  of  the  condenser  is  such  as  to  assist  the  current 
flowing  through  the  dielectric  of  the  condenser.  Hence  the 
line  0  69  representing  the  electromotive  force  due  to  the  con- 
denser charge,  must  be  drawn  at  right  angles  to  OR  and 
90deg.  in  advance  of  it.  Then  draw  from  R  a  line  R  Y  parallel 
and  equal  to  0  C,  and  join  0  V.  0  V  will  represent  Vq,  or  the 
impressed  electromotive  force  of  the  alternator,  by  the  har- 
monic variation  of  which  the  current  I  will  be  sent  through 

00 


386 


ALTERNATE   GUBUBNT  BLKCTTRIO  8TATI01IB. 


the  condenser.  We  see  that  Y^  is  in  advance  of  the  resnltaat 
electromotive  force  OB,  and  therefore  of  the  current  I,  in 
phase. 

The  third  case  of  the  diagram  of  electromotive  forces  for  the 
condenser  in  series  with  an  inductive  resistance  is  easily  seen 
to  be  as  follows : — ^Take  0  R  (Fig.  15),  as  before,  to  represent 
the  resultant  electromotive  force  in  the  circuit ;  0  B  is  nume- 
rically equal  to  the  product  of  the  ohmic  resistance  B  of  the 
circuit  and  the  maximum  current  I  flowing  in  it.  Erect  a  line 
at  0  at  right  angles  to  0  B,  and  set  off  0  C  90deg.  in  adttance 
of  0  R  and  representing  the  potential  difference  of  the  plates  of 
the  condenser,  whose  capacity  is  0,  and  0  L  in  arrear  of  0  B, 
representing  the  counter-electromotive  force  Jtp  I  in  the  indue- 


CA 


Fia.  15. 


tive  circuit.    The  magnitude  of  0  C  is  obtained  when  we  know 

the  value  of  I. 

On  a  previous  page  we  have  shown  from  equations  (20)and(23) 

(pages  377,  378),  that  the  maximum  value  V^  of  the  condenser 

I 
plate  potential  difference  is  equal  to  •— — .    Hence,  0  C  must  be 

made  equal  to on  the  same  scale  that  0  B  is  made  equal 

to  B  I.  We  have  then  to  find  a  line  representing  the  masimum 
value  of  the  impressed  electromotive  force  Yq  in  phase  and 
magnitude,  and  such  that  B I  is  the  resultant  of  Yq,  hp  I,  and 

—  .  To  obtain  this  line,  draw  B  Y  parallel  to  C  L  and  equal 
to  0  C— 0  Ti,  that  i>,  mnke  B  H  equal  to  0  L,  and  H  Y  eqn.il  to 
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O  C ;  join  0  Y,  and  0  Y  will  represent  in  phase  and  magnitude 
the  impressed  electromotive  force  Yq,  which  will  maintain  the 
ourrent  I  through  the  condenser. 

Whether  0  Y,  that  is  Yq,  will  be  in  advance  or  in  arrear  as 
regards  phase  of  the  resultant  electromotive  force  OR,  and 
therefore  of  the  current  I,  will  depend  on  the  relative  magni- 
tudes of  OC  or  -L  and  OL  or  Lpl.    If  OC  =  OL,  then  the 

impressed  electromotive  force  will  be  in  synchronism  with  the 
current,  and  this  happens  when  >^  =  "Lp  or  when  C  Lp'^ » 1. 

The  diagram  shows  us  at  once  that  the  impressed  electro- 
motive force  Yq  =  0  Y  of  the  dynamo  may  be  less  than  equal 
to  or  greater  than  the  pressure,  Y^oOC,  at  the  terminals 
of  the  condenser;  and  that  this  is  determined  by  whether 

the  length  of  the  line,  0  Y=  n/0R«  +  YR2,  is  greater  or  less 

than  OC.      We  see  that  YR  =  OC--OL=  JL  -Lpl^and 

Cp 

hence  that  0  Y  is  equal  to  the  square  root  of 

Hence  the  maximum  value  of  the  charging  current,  I,  is  given 
by  the  equation 

Also,  we  have  the  same  quantity  given  by  the  relation  I »  GpY^; 
hence  the  ratio  of  Yq  to  Y^  is  given  by  the  value  of  the  quantity 
^/  (1  -  C  Li?«)2  +  C2  B.ip\  as  we  have  abeady  seen.  The  clock- 
diagram  has  the  advantage  that  it  shows  us  at  opce  the  varioua 
lags,  and  gives  explicitly  to  the  eye  a  proof  that  a  gradual  in- 
crease in  the  value  of  the  inductance,  L,  from  zero  upwards  is 
accompanied  by  a  progressive  decrease  in  the  value  of  the 
impressed  electromotive  force  Yq,  of  the  dynamo,  as  compared 
with  the  terminal  pressure,  Y^,  at  the  condenser. 

Also  we  can  from  the  diagram  determine  the  conditions  under 
which  the  ratio  of  the  potential  difference  Yj  at  the  terminals 
of  the  condenser  to  the  impressed  electromotive  force  of  the 
alternator  is  a  maximum.    In  other  words  find  when  the  rise 

oc2 
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of  pressure  is  a  maximum,  for  if  we  refer  to  the  diagram  in 
Fig.  15  we  see  that 

HV^sinHOV, 
OV'sinOHV' 

but  sinoe  the  angle  0  H  V  is  independent  of  the  value  of  the 
capacity  C,  this  ratio  is  a  maximum  when  the  capacity  of  the 
condenser  has  such  a  value  as  to  make  the  angle  H  0  Y  a  right 
angle.    Hence  H  Y,  which  represents  the  potential  difference  at 


<k 


Fio.  16. 


the  terminals  of  the  condenser,  has  its  maximum  ratio  to  0  Y, 

which  represents  the  impressed  electromotive  force  of  the 

alternator,  when  the  line  0  Y  is  at  right  angles  to  0  H.    When 

this  is  the  case  the  two  triangles  HOY,  LOR  {see  Fig.  16)  are 

both  right  angled,  and  similar  triangles;  therefore  we  muat 

have 

OL  ^  OH. 

LR      HY' 
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This  last  line  of  reasoning  brings  us  therefore  to  the  same  oon- 
olusion  as  that  in  equation  (28)  deduced  by  analytical  reasoning. 

We  now  pass  on  to  consider,  by  the  help  of  the  foregoing, 
the  general  case  of  a  condenser  shunted  by  an  inductive  shunt. 
Let  r  and  I  be  the  resistance  and  inductance  of  the  condenser 
shunt,  and  R  and  L  that  of  the  first  section  of  the  line,  and  let 
C  be  the  condenser  capacity.  Take  any  line  0  B  (tee  Fig.  17) 
to  represent  the  product  of  the  resistance  B  and  the  current 
flowing  into  the  condenser  I,  that  is,  let  OR  represent  RI. 
Draw  0  0  at  right  angles  to  0  R,  and  in  magnitude  equal  to 

j-->.    Then  0  0  represents  the  potential  difference  of  the  con- 

denser  plates.  On  0  0  describe  a  semicircle,  and  set  off  0  B  in 
such  a  direction  that  C  B  is  to  0  B  in  the  ratio  of  2>  ^  to  r. 
Then  on  the  same  scale  on  which  0  C  represents  the  potential 
difference  at  the  terminals  of  the  condenser,  that  is,  the  im- 
pressed electromotive  force  in  the  shunt  circuit,  OB  will 
represent  the  resultant  or  effective  electromotive  force,  that  is, 
it  will  represent  the  product  r  1^  and  C  B  will  represent  Ip  1^ 
Again,  divide  0  B  in  P  so  that  OP  istoOBasRistor,  then 
0  P  will  represent  in  phase  and  magnitude  R  I,.  Hence  we 
have  0  R  representing  R  I,  and  O  P  representing  R  I,.  If  we 
join  P  R,  it  is  easy  to  see  that  this  line  must  represent  in  phase 
and  magnitude  R I^.  For  then  the  sides  of  the  triangle  0  P  R 
are  proportional  in  magnitude  respectively  to  I,  Ip  and  I,,  and 
at  any  instant  the  projections  of  these  three  sides  on  any  line 
through  0  will  represent  the  instantaneous  values  of  t,  t^,  and  t^, 
and  the  sum  of  any  two  of  the  projections  will  always  be  equal 
to  the  third.  Hence  the  projections  of  I,  I^,  and  I^  fulfil  the 
conditions  required  by  the  principle  of  continuity,  viz. :  that 
the  algebraic  sum  of  the  currents  at  any  junction  shall  be  zero  j 
rince  there  can  be  no  accumulation  of  electricity. 

If,  then,  we  draw  OA  parallel  and  equal  to  PR,  0 A  will 
represent  in  magnitude  and  phase  the  electromotiTe  force  R  Ip 
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or  the  effective  electromotiye  force  in  the  main  line.  On  0  A 
describe  a  right-angled  triangle  0  A  L,  such  that  0  A  is  to  A  L 
as  B  is  to  Lp,  Then  O  L  represents  the  impressed  electro- 
motive force  in  the  first  section  of  the  line.    Join  CL^  and 


LR 


Fio.  17. 


draw  0  Y  parallel  and  equal  to  0  L,  then  0  Y  represents  the 
electromotive  force  of  the  alternator.  For  since  the  impreased 
electromotive  force  in  the  first  section  of  the  line  is  equal  to 
the  difference  between  the  electromotive  force  of  the  alternator 
and  the  potential  difference  of  the  condenser  plates,  it  must  be 
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represented  by  0  L,  ^rhere  0  L  is  the  resultant  of  0  V  and  0  C. 
Hence,  0  Y  represents  in  phase  and  magnitude  the  maximum 
value  Vq  of  the  electromotive  force  of  the  alternator  on  the 
same  scale  on  ^rhich  the  line  0  0  represents  the  maximum 

value  of  the  potential  difference  - —  or  Vj  at  the  plates  of  the 

condenser,  and  on  which  OB,  PR  and  0  P  represent  B-times 
the  value  of  the  maximum  values  of  the  currents  respectively 
into  the  condenser  and  those  flowing  in  the  first  and  second 
sections  of  the  line. 

•r  

Knowing    that    0C«--— -  =  !«  >/r*+/'^  ^^   and  also  seeing 

Qp 

that  the  relation 

V=V+i«-2ii,-7^^,' 

is  evident  from  the  geometry  of  the  figure,  the  student  will 
have  no  difficulty  in  deducing  from  Fig.  17  also  the  equation 
(10)  on  page  375 

V  T    ^2 


ay-' 


and  also  the  equation  (18)  on  page  376  for  the  ratio  of  V^  to 
Yy  A  careful  examination  of  the  diagram  in  Fig.  17  wilj 
show  that  under  some  conditions  the  current  I^  can  be  greater 
than  the  current  I^,  that  is,  there  can  be  an  upward  trans- 
formation of  current)  and  also  that  OV  can,  under  some 
conditions,  be  less  than  0  C,  or  Yq  less  than  Y^.  These  and 
many  other  facts  relating  to  the  relative  values  of  the  currents 
in  the  main  and  shunt  sections  of  the  line,  and  the  potential 
difference  of  the  condenser  plates  as  compared  with  the  im- 
pressed electromotive  force  of  the  alternator,  can  be  made  out 
from  the  diagram,  but  must  be  left  to  the  reader  to  discuss. 

In  his  book  on  ''  Alternating  Ourrents,"  p.  55  (2nd  edition,) 
Mr.  Blakesley  has  treated  by  his  geometrical  methods  the  case 
examined  above,  with  the  object  of  showing  that  the  employ- 
ment of  a  condenser  in  this  manner  in  combination  with  a  pair 
of  inductive  circuits  may  under  certain  conditions  cause  the 
current  in  the  remote,  or  shunt^  circuit  to  be  greater  than  the 
current  in  the  circuit  in  connection  with  the  machine ;  and  he 
shows  there  that  a  similar  criterion  to  the  one  given  above 
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applies  also  to  the  relative  current-strengths  in  the  two 
sections — viz.,  that  the  current  Ij  in  section  b  f  will  be  greater 

than  the  current  I,  in  section  a  6  if  C  is  less  than  — ^ — s-s- 

In  a  later  chapter  we  shall  point  out  a  practical  application 
of  the  condenser  to  annul  the  disadvantages  which  an  open 
magnetic  circuit  transformer  possesses  of  taking  a  large  magne- 
tising current,  based  upon  the  power  of  a  condenser  to  thua 
increase  the  current  in  one  section  of  an  inductive  line. 

Hence,  taking  the  two  separate  cases  of  a  simple  condenser 

and  a  shunted  condenser,  we  see  that  the  maximum  or  mean 

potential  V^  at  the  terminals  of  the  condenser  will  be  less  than, 

equal  to,  or  greater  than  the  maximum  or  mean  potential  at 

the  terminals  of  the  machine  Y(^  according  as  the  capacity,  0, 

of  the  condenser  is  greater  than,  equal  to,  or  less  than  the 

2L 
quantity,  — ^  in  numerical  value  ;   and  also  that  the 

maximum  or  average  current-strength  in  the  remote,  or  shunti 
section  of  the  line  will  be  less  than,  equal  to,  or  greater 
than  the  maximum  or  mean  current-strength  in  the  section  of 
the  line  near  to  the  machine,  according  as  the  capacity,  C,  of 
the  condenser  is  greater  than,  equal  to,  or  less  than  the  quan- 

tity, ---.,  in  numerical  value.     Note  that  if  B  is  mea- 

sured  in  ohms  and  L  in  henries,  0  must  be  measured  in  farads. 
Let  us  look  again  at  the  equation, 


^) 


;^y  =  (l-CLp2).|-CJR«i?«, 


and  note  what  are  the  conditions  under  which  Y^  will  be 
greater  than  Y^,  or  the  pressure  at  the  condenser  end  greater 
than  the  pressure  at  the  machine  end  of  the  line.  We  see  that 
it  depends  upon  whether  the  right-hand  expression,  when 
worked  out  numerically,  is  a  proper  fraction.  Since  almost 
any  capacity  which  occurs  in  practice  is  numerically  repre- 
sented by  a  very  small  fraction  when  the  farad  is  the  unit,  if 
p*  is  not  very  great  C^  ^'p  will  nearly  always  in  practice  be  a 
proper  fraction  when  we  insert  values  of  C  and  R  in  farads  and 
ohms.  Hence  the  condition  of  rise  of  pressure  will  depend 
almost  always  on  whether  C  L^''  is  numerically  greater  than 
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2  when  C  and  L  are  measured  in  farads  and  henries ;  and  if  0 
is  very  small,  either  horp  must  be  very  large  to  secure  this 
result,  and  vice  versa.  Hence,  we  are  led  to  expect  that  if  the 
inductance  of  the  machine  circuit  is  very  large,  a  comparatively 
small  capacity  across  its  poles  may  give  rise  to  a  very  great 
condenser  effect ;  but  if  the  inductance  of  the  machine  is  small, 
a  very  large  capacity  will  be  needed  to  bring  about  the  in- 
creased pressure  at  the  terminals  of  the  condenser. 

The  best  way  to  see  how  the  value  of  Yj,  or  the  condenser 
potential,  varies  with  variation  of  the  capacity,  other  quantities 
being  constant,  is  to  plot  the  equation, 

V  ^0        

or — which  comes  to  the  same  thing,  and  is  simpler  to  plot — ^the 
equation, 

1 

This  has  beeh  done  in  Fig.  18,  and  a  curve  representing  the 
variation  of  Y^  in  terms  of  C,  or  of  the  condenser  plate  potential 
difference  in  terms  of  its  capacity,  supposed  variable,  is  there 
drawn,  on  the  assumption  that  Y^,  L,  R,  and  p^  have  certain 
constant  values.  We  see  that  the  curve  ordinate  has  a  maximum 
corresponding  to  a  certain  capacity,  and  that  beyond  that  point 
increase  in  capacity  continuously  diminishes  the  condenser 
plate  potential  difference. 

The  condenser  effect  will  be  at  a  maximum  when  C  and  L 
have  such  magnitudes  that  CLp^  ib  unity,  and  C  has  at  the 
same  time  a  small  value.  In  this  case  Y^  may  be  many  times 
greater  than  Yq.  In  testing  condensers  with  alternating-cur- 
rent machines,  it  is  very  important  not  to  have  that  particular 
critical  relation  between  C,  p,  and  L,  or  the  capacity,  frequency, 
and  inductance  of  the  machine,  which  will  bring  about  this 
resonance  effect,  or  else  the  testing  process  may  be  a  destructive 
process  as  far  as  the  condenser  is  concerned. 

We  can  also  show  that  if  the  capacity  of  the  condenser  Is 
fixed,  there  is  a  certain  range  of  inductance  of  the  circuit  of  the 
alternator  within  which  the  resonance  effect  takes  place.  For 
example,  let  O^'l   microfarad,  as  before,  ^»  273,947,  and 
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11  ==10  ohms,  then  for  the  ratio  of  V^^  ^  y^2  ^.g  have  the 
value, 

(l  -  273,947  Ly^273.947^x  100,^,  _  .^^^  l)3  +  .27. 

If  L  =  0,  this  ratio  is  greater  than  unity ;  if  L  =  74,  the  ratio 
is  again  greater  than  unity ;  but  for  values  of  L  between  0  and 
74,  the  ratio  is  less  than  unity.    In  other  words,  within  these 


Fio.  la 


Curve  plotted  from  the  equation,  y  = 


Vo 


^/(l-CL|)«>+C»RV' 


J  Cmpm^ly  *-  C 


limits  of  the  inductance  the  pressure  at  the  poles  of  the  con- 
denser is  raised.* 


§  10.  Practical  Oonflrmation  of  the  above  Theory. — The 

above  theory  is  shown  to  be  confirmed  in  its  general  character 

*  In  applying  theae  formulae  to  the  case  of  transformers  connected  with 
condensers  it  ia  necessary  to  point  out  to  the  reader  that  the  R  and  L  here 
used  are  not  the  steady  current  values  of  these  quantities,  hut  their  values 
9M  affected  by  the  mutual  inductance  of  the  two  coils  of  the  transformer. 
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by  the  results  of  some  highly  interesting  experiments  made 
in  April,  1890,  at  the  works  of  Messrs.  Siemens  Bros.  A 
Siemens  W^  alternator  was  kept  running  at  a  constant 
speed  of  750  revolutions,  and  the  exciting  current  was  also 
kept  constant.  The  current  from  this  was  sent  into  the  thick- 
wire  coil  of  a  No.  2  Siemens  transformer.  The  resistance  of 
the  primary  circuit  of  this  transformer  was  0*115  ohin,  and  that 
of  the  secondary  circuit  129  ohms.  The  terminals  of  the 
fine-wire  circuit  were  connected  to  various  lengths  of  single- 
conductor  cable,  having  gutta-percha  insulation  and  inmiersed 
in  a  tank;  the  cables  being  insulated  at  the  far  ends,  and 
forming  thus  a  condenser  attached  to  the  secondary  of  the 
transformer  (gee  Fig.  19).  The  pressure  was  measured  at  the 
terminals  of  the  machine,  and  at  the  terminals  of  the  trans- 
former on  the  secondary,  or  condenser,  side.     The  experiments 
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Fio.  19. — ^The  Arrangement  of  Alternator,  Tranaf  ormer,  and  Cable  in  the 
Experiments  on  Condenser  Efifects  made  at  Messrs.  Siemens'  Works,  April, 
1890. 

consisted  in  varying  the  length  of  the  cable  used  so  as  to  vary 
the  capacity,  and  in  observing  the  pressure  at  the  two  sides  of 
the  transformer  whilst  the  dynamo  was  kept  running  at  con- 
stant speed  and  excitation.  The  results  are  embodied  in  the 
following  series  of  interesting  curves.  The  horizontal  distances 
in  the  diagrams  represent  the  various  capacities  of  the  open- 
circuit  cables  or  condenser  attached  to  the  terminals  of  the 
secondary  of  the  transformer.  The  vertical  ordinates  in  Fig.  20 
represent  the  observed  potential  difference  of  the  two  surfaces 
of  this  condenser — that  is,  the  potential  difference  at  the 
secondary  terminals  of  the  transformer. 

It  will  be  seen  from  Fig.  20  that  when  the  capacity  is  zero 
this  potential  difference  was  2,500  volts.    As  the  length  of  cable 
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was  inoreased  oontinuouslj,  this  potential  difference  rose  up  to 
8,500  volts,  corresponding  to  a  capacity  of  *2  microfarad,  and 
then  fell  again  to  2,500  volts,  at  a  capacity  of  -45  microfarad. 
Hence  corresponding  to  a  certain  capacity — viz.,  '2  micro&rad 
— ^the  pressure  is  multiplied  about  3^  times,  and  there  is  a 
certain  narrow  range  of  capacity  over  which  this  exaltation 
of  pressure  takes  place.  At  and  beyond  '45  microfarad 
capacity,  the  presence  of  the  condenser  reduces  the  normal 
pressure  continuously.  The  pressure  on  the  primary  side  of 
the  transformer  is  also  increased,   as  shown  in  the  curve 
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Fio.  20. — Curves  showing  the  Variation  in  Voltage  in  the  Secondary  (high 
voltage)  Circuit  of  a  Transformer  by  Varying  the  Capacity  in  the  Seoondaiy 
(high  voltage)  Circuit.  The  experiments  were  made  with  a  Ko.  2  Siemens 
transformer,  and  current  was  obtained  from  a  W^  Siemene  nxachine, 
frequency  being  100  <\r*  The  exciting  current  was  kept  constant,  and 
the  alternator  was  kept  running  at  750  revolutions  during  all  the  experi- 
ments. 

given  in  Fig.  21,  which  represents  a  series  of  similar  pressure 
observations  taken  on  the  primary  side  of  the  transformer. 
It  will  be  seen  that  the  same  general  effect  takes  place  on  the 
primary  side.  It  will  also  be  seen  how  well  these  curves  de- 
duced from  observation  agree  as  regards  general  form  with  the 
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theory  as  illustrated  by  the  curve  in  Fig.  18.  The  curves  in 
Figs.  20  and  21  are  generally  similar,  but,  if  superimposed,  will 
be  found  to  be  not  quite  so.  If  the  ratio  of  corresponding 
ordinates  is  set  off  so  as  to  form  a  fresh  curve  (Fig.  22),  this 
curve  will  give  the  variation  of  change  ratio  of  the  transformer 
corresponding  to  the  various  capacities,  and  we  see  that  this 
change  ratio  is  altered  progressively  from  1 :  43  to  1 :  57,  as  the 
capacity  of  the  condenser  on  the  secondary  is  changed  from  zero 
to  *65  microfarad.    It  is  evident,  therefore,  that  in  applying 
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Tia,  21. — Curves  showing  the  Yamtion  in  Voltage  in  the  Primary  (low 
voltage)  Circuit  of  the  same  Transformer  by  YaiTing  the  Capacity  in  the 
Secondary  (high  voltage)  Circuit.  The  experiments  were  made  with  a 
No.  2  transformer,  and  current  was  obtained  from  a  W^  Siemens  machine, 
the  frequency  being  100  r\j.  The  exciting  current  was  kept  constant,  a  nd 
the  alternator  was  kept  running  at  750  revolutions  during  all  the  experi- 
ments.* 

transformers  to  test  cable,  such  as  concentric  cable,  which 
possesses  sensible  capacity,  we  must  be  on  our  guard  against 

*  The  reader  is  advised  to  compare  these  curves  in  Figs.  20  and  21 
with  the  curves  in  Figs.  28  and  29  of  §  11,  Chap.  V.,  Vol.  I.,  in  which  a 
similar  effect  of  rise  of  pressure  produced  by  a  critical  capacity  in  some 
of  Dr.  Hertz's  experim«)nts  is  shown. 


398 


ALTBRNATB  OURBBNT  ELBCTRIC  STATIONS. 


this  alteration  of  the  change  ratio  of  the  transformer,  or  else 
we  may  be  misled  as  to  the  real  pressure  being  applied  to 
the  cable. 

These  considerations  point  out  that  in  applying  either  trans- 
formers or  alternators  to  circuits  which  have  capacity,  we  must 
have  regard  to  the  fact  that  for  certain  critical  values  of  the 
inductance  and  the  capacity  for  given  frequencies,  there  may 
be  a  very  considerable  increase  in  the  potential  difference  of  the 
two  sides  of  the  condenser  over  and  above  that  of  the  poles  of 
the  alternator  or  transformer  when  no  condenser  is  present. 
Such  effects  have  often  been  noticed  in  practice.  It  has  been 
frequently  found  that  if  a  transformer  which  gives  on  its  open 
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Fio.  22. — CtxrveB  showing  the  Dependence  of  the  Ratio  of  Transformation 
of  Pressure  from  Primary  to  Secondary  Circuit  on  Capacity  of  Secondary 
resulting  from  Figs.  4  and  5. 

secondary  circuit  a  certain  potential  difference  is  applied  to 
test  the  insulation  of  a  length  of  concentric  cable  by  connecting 
its  terminals  to  the  two  conductors,  the  far  ends  of  the  cable 
be  insulated,  under  some  circumstances  an  increased  potential 
difference  is  observed  between  the  free  ends  of  the  cable  over 
and  above  that  at  the  terminals  of  the  transformer  when  the 
cable  is  not  connected  to  it.  When  transformers  have  been 
employed  to  test  the  insulation  of  armatures  of  high-pressure 
alternators,  it  has  been  noticed  that  under  some  circumstancee 
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large  snapping  sparks  will  jump  off  over  air  distances  which 
could  not  possibly  permit  discharges  at  the  actual  potential 
difference  of  the  secondary  terminals  of  the  transformer  so 
used  when  unconnected  with  any  such  body  having  capcusity. 

In  employing  an  alternator  or  transformer  to  test  insulation 
between  two  opposed  conductors,  or  in  any  way  in  which  the 
opposed  terminals  gain  capacity,  it  is  necessary  to  be  on  the 
watch  for  this  possible  rise  of  pressure,  and  not  to  infer, 
because  a  transformer  gives,  say,  2,000  volts  on  open  circuit 
between  its  poles  when  measured  with  an  electrostatic  volt- 
meter, that  therefore  this  is  the  measure  of  the  pressure  which 
is  being  applied  to  a  dielectric  which  forms  the  insulator  of  a 
condenser  joined  in  across  the  poles  of  that  transformer. 

It  is  possible  that  under  some  circumstances  errors  may  be 
committed  in  the  mere  use  of  an  electrostatic  voltmeter  to 
measure  potential  difference  between  the  poles  of  an  alternator 
or  a  transformer,  if  that  voltmeter  happens  to  possess  a  certain 
capacity  in  relation  to  the  inductance  of  the  circuit  in  which 
it  is  joined  in  parallel. 

The  general  fact  which  must  be  emphasised  is  then  that 
when  a  condenser  such  as  is  formed  by  a  suitable  length  of 
concentric  cable  has  its  opposed  surfaces  connected  to  the  two 
poles  of  a  transformer  or  of  an  alternator  having  a  certain 
inductance  in  its  armature  in  relation  to  the  capacity  of  the 
condenser  and  the  frequency  of  the  current^  the  potential 
difference  of  the  two  surfaces  of  this  condenser  is  more  or  less 
increased  above  the  value  of  the  potential  difference  of  the  poles 
of  the  alternator  or  transformer  if  the  condenser  is  not  there. 
This  amdenaer  effect  may  be  of  such  a  degree  as  to  multiply  by 
many  times  the  normal  potential  difference  of  the  poles  of  the 
generator.  If  the  condenser  is  formed  of  a  length  of  concentric 
cable,  this  cable  acts  in  all  as  one  single  condenser.  If  the 
concentric  cable  is  open-circuited  at  the  far  end  the  potential 
difference  of  the  cable  conductors  is  everywhere  the  same  and 
equally  raised.  If  there  is  a  current  flowing  through  the  cable 
then  there  will  be  the  usual  fall  of  volts  along  the  cable,  but 
the  potential  difference  of  the  cable  conductors  at  the  dynamo 
end  will  be  greater  than  would  be  the  dynamo  terminals  if  the 
cable  were  absent.  Whenever  considerable  lengths  of  concentric 
cable  are  connected  to  transformers  or  to  an  alternator  of 
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sufficient  armature  self-inductioni  this  rise  of  pressure  or  €(n^ 
denser  effect  will  generally  make  itself  felt,  and  can  only  be 
annulled  by  taking  a  sufficiently  great  current  through  the 
cable.  Hence  when  distribution  systems  are  arranged  in  which 
at  the  generating  end  of  the  trunk  lines,  step-up  transformers 
raise  the  pressure  of  low-pressure  alternators  and  deUver  the 
current  into  concentric  cables,  more  or  less  troublesome  effects 
of  this  nature  may  make  themselves  apparent  when  such  cables 
are  switched  on  or  off  the  step-up  transformers,  or  are  increased 
or  decreased  in  number  in  parallel. 

The  condenser  effect  we  have  been  considering,  and  in  par- 
ticular the  alteration  of  the  change-ratio  of  a  transformer 
which  takes  place  when  its  secondary  circuit  is  connected  to 
a  conductor  system  having  a  certain  capacity  in  relation  to 
the  inductance  of  that  secondary  circuity  is  found  to  operate 
in  many  curious  ways  in  the  practical  use  of  such  combina- 
tions. For  instance,  if  a  pair  of  alternators  separately  exdted 
are  working  in  .parallel  on  an  onmibus  main  leading  to  a 
conductor  system  of  no  sensible  capacity,  then  it  is  well 
known  that  if  the  dynamos  are  synchronised,  and  contributing 
equally  to  the  outgoing  current,  the  method  adopted  to  take 
one  dynamo  out  of  circuit  would  be  to  lower  its  exciting  cur- 
rent, and  when  its  outgoing  current  fell  to  zero  to  sever  its 
connection  with  the  omnibus  main.  If,  however,  the  alter- 
nators are  working  through  step-up  transformers,  and  into  a 
conductor  system  consisting  of  concentric  cable,  it  is  found 
by  experience  that  the  exciting  current  of  the  dynamo  to  be 
taken  out  must  be  raised,  and  not  lowered,  in  order  to  bring 
it  into  a  condition  in  which  it  can  be  cut  off  from  the  omnibus 
main  without  dangerous  sparking  at  the  switch;  and,  con- 
versely, in  putting  it  into  parallel  the  incoming  alternator 
has  to  be  excited  to  a  lower  electromotive  force  than  is  neces- 
sary to  maintain  the  standard  potential  difference  at  the  ter- 
minals of  the  step-up  transformer  before  putting  it  into  con- 
nection with  the  omnibus  main.  This  is  obviously  due  to 
the  fact  that  the  pressure  at  the  secondaty  terminals  of  the 
step-up  transformer  is  altered  by  the  very  act  of  putting  it  into 
connection  with  the  conductor  system,  and  hence  the  excitation 
of  the  alternator  at  the  moment  of  making  or  breaking  con- 
nection with  the  main  must  be  such  as  will  bring  the  potential 
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difference  of  the  free  secondary  terminals  of  the  step-up  trans- 
former to  a  value  equial  to  the  potential  difference  of  the  two 
points  on  the  conductor  having  capcusity  to  which  they  are  about 
to  be  connected,  or  from  which  they  have  just  been  severed ; 
and  when  the  connection  of  the  alternator  is  made,  the  excita- 
tion Qan  be  altered  to  divide  the  load  on  the  machines  properly. 
This  would  not  be  the  case  if  high-tension  alternators  of  very 
small  inductance  were  set  to  work  in  parallel  on  such  a  con- 
centric conductor  system.  In  this  case  the  condenser  effect 
is  practdcaUy  nothing,  and  the  behaviour  of  the  machines  in 
going  into  or  out  of  parallel  would  present  nothing  unusual. 

§  IL  Bise  of  Pressure  Effects  in  the  Oase  of  the  Ferrantl 
Xnmk  Mains. — Remarkable  practical  illustration  of  the  above 
described  effects  presented  itself  during  the  laying  and  working 
of  the  Ferranti  Tubular  Trunk  Mains  in  London.  These 
effects,  at  the  time,  were  much  misunderstood,  and  gave  rise  to 
considerable  discussion.*  It  was  found,  when  the  full  length 
of  cable  from  Deptford  to  the  sub-station  in  London,  a  distance 
of  nearly  six  miles,  was  connected  to  transformers  which  raised 
the  pressure  of  alternators  from  2,400  to  about  10,000  volts, 
that  the  following  effects  presented  themselves : — 

(i.)  There  was  a  considerable  flow  of  current  into  the  cable 
when  the  London  end  was  insulated,  and  this  flow  increased 
with  the  length  of  the  cable  employed.  This  current  is  the 
eomdfn^ifr  current  of  the  cable,  or  the  flux  of  current  which  takes 
place  across  the  dielectric  of  the  cable.    It  is  proportional  in 

*  DiacuMtoiu  on  the  subject  of  this  effect,  rather  misDamed  the  "Ferranti 
eflbot,"  oocuxred  at  the  Physical  Society  of  London  during  the  diacuisiott 
OQ  a  Fkper  by  Hr.  Swinburne  on  "Alternate-Current  Condeneere,"  and 
WM  oontinaed  by  Mr.  Swinburne,  Mr.  Olaaebrook,  IVofewor  Ayrton,  and 
Mr.  Kapp,  in  various  articles  and  papers,  for  which  the  reader  is  referred 
to  Th$  JZeofrtoian,  YoL  XXVL,  Dec  19th,  1890,  p.  214  ;  Dec.  26th,  p.  232 ; 
Jan.  2Bd,  1891,  p.  260.  Mr.  Gilbert  Kapp  wrote  an  article  on  "  Capacity 
■nd  Self-induction  in  Alteniata-Current  Working,"  published  in  ^e 
Kettrioian  for  Dec  19th,  1890,  p^  197,  and  Dec  26th,  p.  229,  in  which 
ooodenser  effects  are  discussed  with  his  usual  clearness  and  carSi  This 
matter  was  also  diKussed  hj  the  author  in  a  Paper  read  before  the  Insti- 
tntiott  of  Electrical  Engineers  of  London,  on  May  7th,  1891.  See  JowmaL 
of  the  InttUuU  of  EUetrioal  Efigineert,  YoL  XZ.,  p.  362, 1891,  *'  On  Some 
Effects  of  Altemating-CuxTent  Flow  in  Circuits  having  Capacity  and  Sdl« 
Indnetion.'* 

DO 
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magnitude  to  the  length  of  cable  need,  to  the  speed  of  the 
machine,  and  to  the  voltage  at  the  dynamo  end,  and  is  nor- 
maUy  at  about  the  rate  pf  1*2  or  1*3  amperes  per  mile  run. 
Hence,  when  a  double  loop  of  the  cable  of  11*6  miles  m  length 
from  Deptford  to  London  and  back  was  employed,  it  was  foimd 
that  the  condenser  current  at  10,000  volts  was  about  12  to  14 
amperes. 

(ii.)  When  the  1,250  horse-power  alternator  was  excited  and 
driven  at  a  certain  speed,  and  the  insulated  cable  together  with 
a  step-up  transformer  at  the  generating  end^switched  on  to  the 
machine,  it  was  found  that  the  pressure  at  the  terminals  of  the 
machine  was  increased,  and  the  step-up.  ratio  of  the  transformer 
was  also  increased  in  such  fashion  that  the  1 : 4  step-up  ratio  of 
the  transformer  used  was  increased  by  about  15  to  20  per  cent. 
Hence  the  pressure  measured  anywhere  along  the  cable  was 
found  to  be  greater  than  four  times  the  pressure  at  the  dynamo 
terminals. 

(iii.)  When  the  cable  was  insulated  at  the  far  end  the  poten- 
tial difference  between  the  inner  and  outer  copper  was  found  to 
be  everywhere  the  same,  and  everywhere  equally  raised.  There 
was  found  to  be  no  progressive  rise  of  pressure  along  the  cable 
from  the  home  to  the  far  end. 

(iv.)  When  the  cable  was  connected  directly  and  without  the 
interposition  of  the  step-up  transformer  to  the  larger  alternators 
excited  so  as  to  give  directly  10,000  volts,  then  no  sensible  in- 
crease of  terminal  pressure  was  found  upod  switching  on  a  length 
ef  the  insulated  cable.  These  alternators,  as  before  describedt 
have  very  small  armature  resistance  and  inductance.  A 
series  of  experiments  was  made  on  January  9th,  1891,  to 
examine  more  fully  these  effects.  The  arrangement  of  dynamo 
and  cables  was  as  shown  in  Fig.  23.  One  of  the  1,250  horse- 
power  dynamos  was  set  apart  for  the  purpose,  and  excited  so 
as  to  supply  current  at  about  2,500  volts  or  so.  The  current 
from  this  dynamo  was  led  through  the  primaries  of  two  150 
horse-power  transformers  joined  in  parallel,  and  which  raised 
the  pressure  from  2,500  to  10,000  volts.  At  this  pressure  a 
current  from  the  secondaries  was  sent  into  the  concentric  cable 
At  Deptford,  thence  to  the  sub-station  in  Trafalgarsquare  in 
(london  by  one  main,  and  back  to  Deptford  on  the  other  trunk 
main.  This  total  distance  is  20,224  yards,  or  1 1  *49  statute  rnHea. 
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Arriving  back  at  Deptford,  the  ourrent  was  again  reduced  from 
10,000  to  2,500  volts,  and  the  energy  taken  up  in  water  reeitt- 
anoe  in  a  water  tank  at  the  latter  pressure.  The  pressure  a* 
different  parts  of  the  system  was  measured  by  Oazdew  volt- 
meters,  the  high  pressures  being  reduoed  by  100  : 1  pilot  trans- 
formers.  The  currents  were  measured  by  Evershed  ammeters. 
The  ourrent  and  pressure  were  measured  at  four  places — ^vii., 
at  the  terminals  of  the  dynamo,  at  the  beginning,  or  entrance^ 
of  the  trunk  main,  at  the  end  of  the  trunk  main,  and,  after 
reduction,  at  the  tank.  Obserrers  stationed  at  these  di£farent 
instruments  took  simultaneous  observations  at  a  signal  given  bj 
the  sound  of  a  whistle,  and  in  this  way  the  simultaneous  vahtee 
of  the  pressure  and  current  were  obtained  at  these  four  places. 
The  transformers  used  for  raising  and  lowering  the  pressure 
were  the  150-horBe-power  size,  having  on  the  primary  side  1,120 
turns  of  wire,  of  resistance  3*5  ohms,  and  on  the  secondary  side 
280  turns  of  wire,  having  a  resistance  of  '2442  ohm.  Henoe 
these  transformers  were  4 : 1  transformers.  There  were,  in 
addition,  a  pair  of  pilot  transformers,  which  had  a  change  ratio 
of  100  : 1,  and  which  reduoed  from  10,000  to  100  volts  fcnr 
voltmeter  purposes.  The  observations  consisted  in  exciting 
the  dynamo  to  various  voltages,  and  observing  the  current  and 
pressure  at  the  four  places  named,  whilst  different  loads  were 
placed  on  the  system  by  taking  up  more  or  less  current  in  the 
tank. 

Under  these  circumstances  it  was  found  that  when  the  trans- 
formers at  the  far  end  were  not  loaded  at  all,  the  current  going 
into  the  cable  at  the  dynamo  end  under  a  pressure  of  about 
10,000  volts  was  about  12  amperes.  This  is  the  Condenmr 
Current  of  the  mains.  On  loading  up  the  transformers  at  the 
far  end  the  current  going  into  the  cable  at  the  dynamo  end  la 
also  increased,  but  it  is  always  greater  than  the  current  coming 
out  of  the  cable.  This  last  may  be  called  the  Work  Cwrent, 
and  the  former  the  Bendtant  Current  The  work  current  i» 
practically  in  quadrature  with  the  condenser  current^  and  is 
90  deg.  in  phase  in  arrear  of  it.  Hence  the  square  root  of  the 
difference  of  the  squares  of  the  ingoing  and  outc(»ning  ourrenta 
of  the  cable  gives  the  value  of  the  condenser  current.  If  this 
Condenser  current  in  amperes  called  I,  and  the  mean  potential 
difference  in  volts  of  the  two  surfaces  of  the  condenseri  or  of 
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•  ^^ 

tiie  inner  and  outer  tubular  oonduotorB  of  the  tube,  called  V, 
and  2  ir  times  the  frequency  as  usual  denoted  by  p^  then  the 
capacity  of  the  cable  C  in  microfarads  is  related  to  I  and  Yi  so 

that  C--LxlO«. 

In  the  experiments  referred  to,  the  value  of  p  was  about  400, 
and  the  capacity  calculated  from  the  condenser  currents  of  the 
cable  at  different  loads  was  found  to  be  from  3*5  to  3*8  micro- 
&rads  for  the  whole  11*5  miles.  Experiments  made  with  a 
ballistic  galvanometer  and  steady  electromotive  forces  of  18 
volts  or  so,  showed  that  the  capacity  was  nearly  four  micro- 
&rads.  These  experiments,  therefore,  showed  that  the  con- 
denser current  was  not  very  different  from  12  or  14  amperes. 
Hence,  the  dynamo  had  to  contribute  48  to  50  amperes  to 
supply  this  condenser  current  through  the  1  \  4  step-up  trans- 
formers. 

When  the  transformers  at  the  far  end  were  fully  loaded  it 
was  found  that  there  was  a  fall  of  potential  down  the  trunk 
main,  and  that  in  proportion  as  the  load  increased  the  actual 
numerical  difference  between  the  ampere  values  of  the  currents 
going  into  and  coming  out  of  the  cable  was  dimiuished,  but 
still  the  square  root  of  the  difference  of  the  squares  remained 
about  equal  to  12  or  14,  viz.,  the  value  of  the  condenser  current 
of  the  cable. 

The  measurements  of  potential  at  the  dynamo  terminals  and 
on  the  trunk  main  side  of  the  1:4  step-up  transformers  showed 
that  the  change-ratio  of  these  transformers  was  affected  by  the 
capacity  of  the  mains.  The  pressure  at  the  dynamo  end  of  the 
trunk  main  was  always  more  than  four  times  the  pressure  at 
the  dynamo  terminals.  The  increase  was  about  5  per  cent  at 
foil  load,  and  10  to  15  per  cent,  when  all  load  was  removed 
from  the  system.  Hence  not  only  is  the  pressure  at  the 
dynamo  terminals  raised  by  connecting  these  to  step-up  trans- 
formers  joined  to  mains  having  capacity,  but  the  step-up  ratio 
of  the  transformers  is  also  increased,  the  exciting  current  and 
speed  remaining  constant.  These  two  effects  are  quite  distinct 
from  one  another,  and  are  due  to  different  actions.  The  altera- 
tion of  the  change-ratio  of  the  transformers  is  due  to  their 
eoDstruction^  whilst  the  rise  of  pressure  generally  is  due  to  the 
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^aotion  of  the  condenser  upon  the  self-  induction  of  the 
ture  circuit. 


§12.  Further  Discussion  of  Oapadty  Effects.— Additional 
experiments  made  with  one  of  the  625  horse-power  FenantI 
dynamos  at  Deptford  have  shown  in  a  remarkably  clear  manner 
the  way  in  which  the  condenser  effect  of  the  trunk  mains  rendera 
itself  evident  in  affecting  the  change-ratio  of  the  step-up  trans- 
formers and  in  altering  the  exciting  current  necessary  to  produce 
a  given  potential  difference  at  the  dynamo  ends  of  the  trunk 
mains.  A  preliminary  experiment  was  made  with  the  trunk 
mains  disconnected,  and  the  4  to  1  step-up  transformers  alone 
attached  to  the  dynamo.  The  exciting  current  was  varied  and 
the  engine  speed  kept  constant.  The  volts  at  both  terminals 
of  the  transformers  were  measured  by  Gardew  voltmeters  con- 
nected through  reducing  24  to  1  and  100  to  1  transformers. 
In  this  case  no  sensible  capacity  existed  at  all  in  connection 
with  the  system.  The  volts  on  the  low-pressure  (L.T.)  side  of 
the  transformer  will  be  called  the  dynamo  volts^  and  the  volts 
on  the  high-tension  (H.T.)  side  will  be  called  the  stoitchboard 
volts. 

The  results  of  varying  the  exciting  current  and  keeping  the 
speed  constant  are  shown  in  the  following  table : — 

Experiment  L 

Pressure  Measurements  with  Dynamo  attached  only  to  Step-up 
Transformers.     Circuit  Open,    No  Mains  Connected. 


BevolutioDS 

of  engine 

per  minute. 

Exciting 
current  of 
dynamo  in 

amperes. 

Dynamo 

volts  on 

L.  T.  side  of 

transformer. 

Switohboard 

volte  on 
H.  T.  side  of 
transformer. 

Obange-ratio 

of 
transformer. 

52 
52 
52 
52 
52 

98 
82 
72 
65 
55 

2,633 
2,345 
2,105 
1,961 
1,661 

10,650 
9,400 
8,450 
7,800 
6,700 

4-04 
4-05 
4-01 
4-03 
4-03 

Hence  we  see  that  the  change-ratio  of  the  transformer 
remains  constant  for  variations  of  the  pressure  on  its  terminalH, 
there  being  no  load  on  the  transformer.     The  dynamo  and  , 
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■witchboard  yolts  increase  with  the  exciting  current,  but  pre;- 
serre  the  same  ratio  to  each  other.  If,  however,  the  four 
Ferrauti  trunk  mains  are  successively  connected  to  the  omnibus 
bar,  these  mains  being  open-circuited  at  the  London  end,  and 
acting  only  as  condensers,  then  it  is  found  that  the  dynamo 
volts  and  switchboard  volts  are  both  changed,  and  the  ratio  of 
them  is  changed  also.  The  following  table  shows  the  nature 
of  t^ese  changes. 

Experiment  IL 

Presture  Measurements  toith  Trunk  Mains  attached  to  Stq>4ip 
Transformer  on  High-Tension  Side,     Circuits  Open. 


Revolu- 
tions of 

• 

Ezcitine 

Dynamo 

Switchboard 

Change- 

Kumber 

current  in 

volts  on 

volts  on 

ratio  of 

of  trunk 

amperes  of 

L.  T.  side  of 

H.  T.  side  of 

trans- 

mains 

engine. 

dynamo. 

transformer. 

transformer. 

former. 

attached. 

52 

62 

1,875 

7,500 

4-0 

.     0 

52 

62 

2,012 

8,150 

4  05 

1 

52 

62 

2,153 

9,050 

4-2 

2 

52 

62 

2,421  (?) 

9,900 

4-1  (?) 

3 

52 

62 

2,489 

10,850 

4*4 

4 

The  above  experiments  showed  clearly  that  when  mains 
having  capacity  are  connected  to  the  high-tension  side  of  the 
transformer,  the  pressure  is  raised  on  both  sides  even  when  the 
exciting  current  and  dynamo  speed  remain  quite  constant. 
Also  that  the  change-ratio  of  the  transformer  is  altered.  In 
the  above  case  each  of  the  mains  added  represented  about  2 
microfarads  in  capcusity.  Although  the  trunk  mains  were  open- 
circuited  at  the  London  end,  nevertheless  a  current  was  found 
to  be  passing  into  them,  and  this  current  was  respectively,  8| 
20,  31,  and  44  amperes  in  all,  when  there  were  1,  2,  3,  and  4 
trunk  mains  joined  on  to  the  step-up  transformer.  The 
frequency  in  this  case  was  83  per  second. 

The  entire  agreement  of  these  observations  with  the  theory 
given  in  §8  was  shown  by  comparing  the  above  measured 
values  of  the  condenser  currents  flowing  into  the  four  mains  with 
the  results  obtained  by  calculation  from  the  formida 

I-CjpVxl0-«, 

which  gives  us  the  condenser  current  in  terms  of  the  capacity^ 
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the  mean  potential  differenoe  of  the  mner  and  outer  condnoton 
and  jp  or  2  IT  times  the  frequency.  In  the  above  obaenrations 
the  value  oip  was  522a2ir  x  83.  If  we  employ  the  above  for* 
mula  to  calculate  the  capacity  of  the  mains  we  can  compare 
this  value  with  the  capacity  directly  measured  by  comparison 
with  a  standard  condenser.  Taking  the  results  from  Experi- 
ment II.  above  we  tabulate  the  calculations  as  follows : — 

Calculation  of  the  Capacity  of  FerratUi  Trunk  Mains  from  the 
observed  Condenser  Currents  at  Various  Voltages. 


Mean  potential  dif- 
ference of  inner  and 
outer  conductors  in 
volts. 


8,150 

9,050 

9,900 

10,850 


Observed  con- 

denser  current, 

in  amperes,  going 

into  mains. 


8 
20 
31 
44 


Total  capacity  of 

mains,  calculated 

from  formula 

C=  i-xlO« 
in  microfarads. 


1-9 
4-2 
6  0 

7-7 


Ka  ofinmk 
mains  connected. 


1 
2 
3 

4 


Two  of  the  trunk  mains,  of  which  there  are  four  altogether, 
have  each  a  total  length  of  6*60  statute  miles,  and  two 
have  each  a  length  of  5*81  statute  miles,  depending  on  the 
position  of  the  sub-station  to  which  they  run  (see  §  38.)  Henoe^ 
the  total  length  of  trunk  mains  is  24*8  statute  miles. 

Since  the  above  table  shows  that  the  total  calculated  value 
of  the  four  mains  together  is  7*7  microfarads  for  24*8  milesi 
it  follows  that  the  mean  capacity  is  at  the  rate  of  *31  miao- 
&rads  per  mile. 

A  careful  measurement,  by  means  of  a  standard  condenser 
and  ballistic  galvanometer,  was  made  of  the  capcusity  of  two 
lengths  of  the  mains.  The  capacity  of  two  lengths  of  11,11^ 
yards,  or  6*31  statute  miles,  showed  the  capacity  between  inner 
and  outer  oonductbr  to  be  respectively  1*98  and  2*02  micro- 
farads, or  at  the  rate  of  *313  and  *319  microfarads  per  mile. 
This  agrees  closely  with  the  above  calculated  result,  and  it 
shows  that  the  condenser  current  can  be  calculated  with  great 
accuracy  by  the  formula  I  =  G^  V.  On  comparing  the  tables 
of  Experiments  I.  and  II.,  we  see  that  the  addition  of  the 
capacity  of  the  cables  to  the  secondary  or  high-pressure  side  of 
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the  Btep-up  tranBformen  does  two  thmgs.  lst|  it  deeroaaoa 
tiie  exdting  oorrent  required  to  maintain  a  given  voltage  at 
the  high-tension  side  of  the  transformerB,  or  oonversely  for  a 
given  exciting  current  it  raises  the  voltage.  Thus  for  an  ex- 
citing current  of  65  amperes  the  dynamo  volts  are  1,961,  and 
the  switchboard  volts  7,800,  and  the  transformer  change-ratio 
is  4*03  to  1.  If,  however,  four  trunk  mains  are  connected 
to  the  system,  adding  a  capacity  of  7*7  microfarads  to  the 
secondary  side,  then  62  amperes  of  exciting  current  produce 
2,489  volts  at  the  dynamo  terminals  and  10,850  at  the  switch- 
board, and  raises  the  change-ratio  of  the  transformer  to  4*4 
to  1.  Hence  the  dynamo  terminal  volts  are  increased  25  per 
cent,  and  the  change-ratio  of  the  transformer  10  per  cent, 
by  the  addition  of  the  7*7  microfarads  of  capacity  to  the  high- 
tension  side  of  the  step-up  transformer.     In  seeking  for  a  full 
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Fig.  24. 

explanation  of  these  effects  an  e^mination  of  them  shows  that 
there  are  possibly  two  different  classes  of  actions  concerned. 
One  of  these  actions  is  a  result  of  combined  inductance  and 
capacity  in  the  circuit,  and  the  other,  which  has  been  particu- 
larly supported  by  Mr.  Swinburne,  is  considered  to  be  due  to  a 
re-action  of  the  armature  current  upon  the  field  magnets  of 
the  dynamo.  The  nature  of  the  first-named  action  has  been 
already  discussed,  but  may  be  considered  a  little  more  in  detail 
as  follows : — Suppose  a  circuit  having  inductance  L  {see  Fig.  24) 
to  terminate  on  a  condenser  of  capacity  C,  and  let  an  impressed 
periodic  electromotive  force  cause  a  current  to  flow  in  the 
inductive  circuit  completed  by  an  earth  return.  If  at  any 
instant  a  current  of  strength  i  exists  in  the  circuit,  then  its 
kinetic  energy  is  ^  L  A  If  this  current  be  left  to  itself  by  the 
withdrawal  of  the  electromotive  force  it  must  expend  this 
energy  in  charging  the  condenser  up  to  a  certain  maximum 
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potential,  say  V ;  and  the  potential  energy  of  the  ohaige  ao 
given  to  the  condenser  is  represented  by  ^CY^,  this  potential 
energy,  ^  C  V,  being  equal  to  the  kinetic  energy,  ^  Li*,  which 
has  disappeared  in  producing  it.  Hence  for  a  given  amount  of 
kinetic  energy  the  potential  to  which  the  condenser  plate  rises 
will  be  greater  in  proportion  as  the  capacity  G  is  less.  On  the 
other  hand,  the  maximum  current  which  is  capable  of  being 
produced  in  the  circuit  depends  upon  the  capacity  of  the  con- 
denser. If  this  capacity  is  zero,  then  the  current  and  hence 
the  kinetic  energy  capable  of  being  produced  by  any  electro- 
motive force  is  zero,  and  hence  also  the  potential  to  which  the 
plate  of  the  condenser  will  rise  will  only  be  equal  to  the 
potential  produced  by  the  alternator  or  source  of  electro- 
motive force  applied  to  the  inductive  circuit.  On  the  other 
hand,  if  the  capacity  is  very  large,  then  although  a  large 
kinetic  energy  may  be  accumulated  in  the  current  flowing  into 
it,  yet  it  will,  on  account  of  this  very  great  capacity,  only 
raise  the  potential  of  the  condenser  slightly  when  converted 
into  its  equivalent  in  static  charge  or  potential  energy.  Hence 
such  a  system,  consisting  of  inductance  and  capacity  in  series, 
constitutes  a  path  in  which  electricity  when  set  in  motion  by 
momentary  impressed  electromotive  force  oscillates  backwards 
and  forwards,  the  energy  being  alternately  kinetic  and  potential, 
but  being  continually  frittered  away  by  the  ohmic  resistance 
of  the  inductive  circuit  into  he^t. 

This  is  a  very  familiar  fact  to  those  who  have  experience  of 
long  electric  lighting  circuits,  either  for  arc  lighting  by  con- 
tinuous currents  or  for  incandescent  lighting  by  alternating 
currents.  If  the  continuous  current  in  a  long  underground  in- 
sulated arc  light  circuit  is  suddenly  switched  off  the  insulation 
is  vety  apt  to  break  down,  and  will  certainly  do  so  unless  in 
very  good  condition.  The  difficulties  that  have  been  met  with 
in  maintaining  the  insulation  of  such  circuits  is  largely  due  to 
this  cause.  The  proper  method  is  to  short-circuit  the  series 
dynamo,  as  is  done  in  the  case  of  the  Thomson-Houston  arc- 
light  dynamos,  and  not  to  switch  off  suddenly  a  large  circuit 
flowing  in  a  long  looped  and  therefore  inductive  circuit.  Again, 
in  the  case  of  alternating  currents,  it  has  been  found  that  if  the 
pressure  is  suddenly  switched  on  to  or  off  from  open  circuits, 
having  inductance  and  capacity,  that  the  pressure  rises  at  the 
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fast  end  to  an  injurious  degree,  and  that  the  insulation  is  often 
injured  thereby.  It  must  be  borne  in  mind  in  dealing  with 
long  insulated  circuits  supplied  with  alternating  pressure  that 
although  the  circuit  may  be  "  open  "  at  the  end  remote  from 
the  dynamo,  yet  if  the  circuit  possesses  sensible  capacity  an 
alternating  current  will  flow  into  it,  and  if  its  inductance 
exceeds  a  certain  amount  a  phenomenon  of  increased  pressure 
will  present  itself,  due  to  the  conversion  of  kinetic  energy  of 
the  current  flow  into  static  pressure  or  potential  energy  in  each 
period  or  cycle. 

A  little  consideration  will  show  that  when  certain  relations 
between  the  capacity  and  inductance  of  the  circuit  are  fulfilled 
that  the  mean  or  maximum  pressure  at  the  terminals  of  the 
condenser  csm  become  greater  than  the  mean  or  mitTinmim 
value  of  the  impressed  electromotive  force.  This  has  been 
rigidly  demonstrated  in  a  former  paragraph.  The  equation 
there  given — viz., 

Lwt    .    Tk    • 

at 

as  the  current  equation  applicable  to  the  case  of  an  impressed 
electromotive  force  acting  upon  a  circuit  having  capacity  and 
self-induction,  can,  by  multiplication  hj  idt^  be  written 

lai^dt  +  'Ri^dti-Viidt^'VQtdt. 
dt 

This  is  an  equation  of  energy,  and  expresses  in  mathematical 
language  the  fact  that  the  work  expended  on  the  circuit  in  any 
time  dthj  the  impressed  electromotive  force  Vq,  and  which  is 
represented  by  the  term  VQidt,  is  used  up  in  doing  three 
things: — 

(i.)  In  increasing  the  charge  of  the  condenser,  and  which  is 
represented  by  the  term  v^idt.   For  the  current  %  flowing  into 

the  condenser  is  at  any  instant  equal  to  -S^  the  n^te  of  in« 

dt 

crease  of  the  charge  of  the  condenser,  and  therefore 

v^idt^Vi  ^dt^Vidq^ 
or  is  equal  to  the  product  of  the  potential  and  increment  o( 
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oharge  of  the  oondenser,  or  to  the  element  of  work  done  hi  the 
thne  dt. 

(ii.)  The  work  supplied  is  used  up  partly  in  a  dissipation  of 
energy  into  heat  by  the  ohmic  resistance  of  the  circuit,  and 
the  amount  so  dissipated  in  the  time  dt  is  represented  by 
Hi^dt. 

(iii.)  The  energy  supplied  is  used  up  partly  in  inoreaung 
the  electro-kinetic  momentum  of  the  circuit,  and  this  is  repre- 

sented  hj  Li  --^  dt^  for  this  represents  the  increase  in  the 

dt 

value  of  the  quantity  ^  L  t^,  which  takes  place  in  an  element 

of  time  d  t.   Hence  we  have  an  equality  at  any  instant  between 

the  rate  of  supply  of  energy  and  the  rate  at  which  it  is  being 

transformed  into  kinetic  or  potential  forms,  according  to  the 

equation 

=         Viidt         + 


VQldt  a 

Work  doners 
on  circuit 
by  im-     I  ^ 
pressed    (  *" 
E.M.F.  in 
time  dt  ) 


Ri^dt      + 


L»  -—dt 
dt 


'  Increase  of  n 

potential 
energy  stored 
in  the  con- 
denser in 
time  d  t 


y+< 


/Energy  dis- 
sipated in 
the  circuit 
in  form  of 
heat  in  the 
.  time  dt  . 


y+i 


(  Work  done 

in  increasing 

the  kinetic 

energyofthe 

circuit  in 

Vthe  time  d  L 


It  has  been  shown  that  a  solution  of  this  equation  tends  to 
the  result  that  Y^,  or  the  maximum  value  of  the  potential 
difference  of  the  terminals  of  the  condenser,  may  for  certain 
values  of  C,  R,  L  and  'p  become  greater  than  V^,  the  maximum 
value  of  the  impressed  electromotive  force  acting  on  the  circuit. 
The  circumstances  under  which  this  can  take  place  are  given 
by  the  diagram  in  Fig.  16. 

Suppose  that  an  alternator  having  an  armature  possessing 
self-induction  has  its  terminals  closed  by  a  condenser,  or  has 
them  connected  to  a  pair  of  mains  which  have  capacity  relatively 
to  one  another,  then  the  potential  difiference  between  these 
mains  may  become  greater  than  that  of  the  poles  of  the 
alternator  if  the  main  is  removed,  but  still  retaining  the 
same  speed  and  excitation.  This  is  what  the  Deptford  experi- 
ments described  show  to  have  been  the  case,  and  they  show 
that  the  exciting  current  at  a  given  speed,  which  is  a  measure 
then  of  the  impressed  electromotive  force,  must  be  diminished 
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in  proportion  as  the  cable  capacity  is  increased  if  the  potential 
difference  of  the  terminals  of  tiie  condenser  is  to  be  kept 
constant.  The  view  above  taken  that  this  increase  of  pressure 
is  due  to  the  combined  action  of  the  electro-magnetic  momen- 
tnm  of  the  armature  circuit,  and  to  the  capacity  of  the  con- 
denser which  completes  that  circuit,  has  been  considered  by 
some  writers  as  not  couTcying  a  full  explanation  of  the  matter. 
Mr.  Swinburne  in  particular  has  supported  the  yiew  that  the 
increased  condenser  potential  is  to  be  cobsidered  as  due  to  the 
reaction  of  the  armature  current  upon  the  field  magnets.  We 
have  seen  in  the  discussion  of  the  dock  diagram  of  electro- 
motive  forces  given  in  Fig.  14,  that  when  capacity  is  present, 
the  phase  of  the  current  flowing  into  and  out  of  the  condenser 
is  in  adtanee  of  the  phase  of  the  impressed  electromotive  force. 
Since  the  maximum  value  of  the  impressed  electromotive  force 
coincides  in  time  with  the  passage  of  a  loop  of  the  armature 
through  the  middle  point  between  two  alternate  field  poles,  a 
very  little  consideration  shows  that  a  current  flowing  through 
the  armature  which  is  in  advance  of  the  impressed  electromotive 
force  in  phase  will  be  in  the  right  direction  to  assist  or  strengthen 
the  magnetism  of  the  field  magnets,  and  hence  this  current  so 
flowing  will  act  to  increase  the  electromotive  force  of  the 
machine  by  its  reaction  upon  the  field.  Hence  the  condenser 
current  shares  with  the  exciting  current  the  duty  of  magnetis- 
ing the  field  magnets,  and  we  can  afford  to  reduce  the  strength 
of  the  external  exciting  current  and  still  keep  the  dynamo 
terminal  electromotive  force  constant  if  we  add  a  capacity 
across  its  terminals.  Under  some  circumstances  the  whole 
excitation  could  be  conducted  by  the  condenser  current,  and 
the  alternator  become  self-exdthig  like  a  continuous-current 
shunt-wound  dynamo. 

If  we  consider  the  case  of  the  experiment  described  in  •§  10, 
when  external  exdtation  and  speed  are  kept  constant  and  the 
capadty  continually  varied,  it  is  easy  to  see  that  when  the  con- 
denser oapadty  is  made  zero  there  is  no  condenser  ourrenti  and 
hence  no  increase  of  magnetisation  of  field  and  no  rise  of  pressure. 
Again,  when  the  capacity  has  such  avalne  that  it  exactly  nulli- 
fies the  self-induction  of  the  armature^  which  happens  when  the 
quantity  C  L|>'  is  unity,  then  the  armature  current  is  in  oooso- 
naaoe^  as  regards  phases  with  the  impressed  dectromotive  ftwce  j 
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and  hence  there  can  be  no  armature  re-aotion  and  no  increase  of 
the  magnetism  of  the  fields.  Between  these  two  zero  effects  lies 
.a  maximum  value.  Referring  again  to  the  diagram  in  Fig.  15, 
it  is  easy  to  see  that  we  can  in  imagination  divide  the  current 
.which  is  represented  by  one  B^^  part  of  OB  into  two  com- 
ponents, one  in  consonance  with  the  impressed  electromotiye 
iotoe^  and  one  in  quadrature  with  it,  or  90deg.  ahead  in  phase. 

This  last  component  can  be  called  the  field-magnetising  com- 
ponent of  the  current,  for  it  is  the  magnitude  of  this  component 
.  which  determines  the  increase  of  the  magnetisation  of  the  field 
poles  by  the  armature  current.  By  drawing  a  series  of  dia- 
^grams,  such  as  that  in  Fig.  15,  with  constant  values  of  V^ 
B,  and  L,  but  values  of  0  increasing  from  zero  to  infinity,  it  is 
not  difficult  to  see  that  a  maximum  value  of  this  field  magnetis- 
ing component  of  the  armature  current  will  be  found  when  the 
condenser  capacity  C  has  such  a  value  as  to  cause  the  angle 
by  which  the  phase  of  the  complete  current  is  ahead  of  the 
phase  of  the  impressed  electromotive  force  to  be  45deg.  The 
armature  reaction  theory  therefore  gives  a  general  account  of 
the  experimentally  proved  fact  that  continuous  increase  in  the 
capacity  results  in  a  rise  of  pressure  at  the  condenser  terminals 
up  to  a  maximum,  and  finds  the  period  of  that  maximum  as 
corresponding  with  a  certain  definite  advance  of  the  current 
phase  over  that  of  the  impressed  electromotive  force — ^viz., 
45deg. 

The  self-induction  theory  is  in  a  similar  agreement  as  to  the 

•general  facts,  but  it  indicates  that  the  greatest  rise  of  pressure 

will  take  place  when  the  condenser  current  phase  is  90deg. 

ahead  of  the  position  which  it  would  have  when  no  capacity  at 

all  is  connected  to  the  dynamo  terminals ;  and  this  condition  is 

only  consistent  with  the  condition  imposed  by  the  armature 

reaction  theory,  for  one  particular  value  of  the  frequency— vis., 

2irL 
^henTsa         ,  or  when  LpaaB,  that  is,  when  the  angle  of  lag 

of  the  current  behind  the  impressed  electromotive  force  would 
be  45deg.  if  no  capacity  were  present  at  all. 
.  The  armature  reaction  theory  is  therefore  not  identical  witk 
the  selfrinduction  theoiy.  It  may  be  that  both  efiects  are 
present  at  the  same  time ;  but  which  one  is  the  truth,  or  how 
much  of  each  is  the  truth,  can  only  be  settled  by  repeating  sufA 
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experiments  as  those  made  at  Messrs.  Siemens'  Works  (p.  S95X 
and  at  the  same  time  adapting  to  the  alternator  a  phase 
indioator,  which  shall  enable  the  phase  of  the  current  relatively 
to  the  impressed  electromotive  force  to  be  determined,  corre- 
sponding to  each  particular  value  to  be  ascertained. 

That  such  effects  of  rise  of  pressure  due  to  the  combination 
of  capacity  and  self-induction  can  take  place  when  no  suoh 
effect  as  armature  reaction  on  field  magnets  is  present  is  shown 
by  the  experiments  of  Hertz  referred  to  in  §  11  of  Chapter  V,, 
Yol.  I.  If  the  reader  will  compare  Figs.  28  and  29  in  that 
section  of  the  first  volume  with  the  curves  plotted  as  the 
result  of  the  dynamo  experiments  in  §  10  of  this  chapter,  he 
will  see  the  remarkable  analogy  between  the  two.  For  a 
certain  critical  capacity  Hertz  found  the  spark  length,  in- 
dicating maximum  potential  difference,  reaches  a  maximumi 
and  no  effects  other  than  those  due  to  electro-magnetic  momen- 
tum and  capacity  can  enter  in  this  case. 

When  an  alternator  is  attached  to  a  transformer  and  tftie 
secondary  terminals  of  the  transformer  connected  to  the  poles 
i>t  a  condenser,  then  the  rise  of  pressure  found  at  the  terminals 
of  the  condenser  when  the  alternator  is  kept  at  constant  speed 
and  excitation  are  due  to  two  causes :  firstly,  to  an  alteration 
of  the  change  ratio  of  transformation  of  the  transformer; 
secondly,  to  the  armature  effect  just  discussed,  only  in  this 
case  the  condenser  acts  back  through  the  transformer.  The 
alteration  of  the  change  ratio  of  the  transformer  is  due  to  the 
annulment  of  the  '^  drop  "  due  to  magnetic  leakage,  and  does 
not  take  place  with  every  form  of  transformer.  When  a  trans- 
former is  gradually  loaded  up  and  the  secondary  current  in- 
oreased,  the  magnetising  effect  of  the  secondary  current  upon 
the  core  is  opposed  to  that  of  the  primary,  and  the  result  is  to 
develqpe  magnetic  poles  in  the  core  and  create  a  leakage  field 
whereby  the  total  induction  through  the  secondary  is  made  less 
than  the  total  induction  through  the  primary,  as  the  resist- 
ance of  the  external  secondary  circuit  is  reduced  and  the 
secondary  current  increased  by  loading  up  the  transformer.  If 
under  these  circumstances  the  ratio  of  the  potential  difference 
at  the  secondary  terminals  to « the  potential  difference  at  the 
primary  terminals  is  sensibly  reduced  as  compared  with  the 
ratio  when  the  secondary  circuit  is  open,  the  transformer  is 
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said  to  have  a  **drop'^  in  working.  When  a  condenser  is 
bridged  aeross  the  secondary  terminals  the  condenser  current 
flowing  into  it  is,  as  has  been  already  explained,  in  phase  in 
advance  of  the  secondary  electromotive  force  by  90deg. 

It  will  be  shown  later  on  from  what  are  called  the  Indicator 
Diagram  of  Transformers  that  the  primary  and  secondary 
electromotive  forces  are  opposite  in  phase,  also  that  the  phase 
of  the  magnetic  induction  in  the  core  is  in  advance  of  the 
secondary  electromotive  force  and  in  arrear  of  the  primary 
electromotive  force  by  about  90deg.     Hence  the  phase  of  the 
condenser  current  or  current  flowing  into  and  out  of  the  con- 
denser is  in  phase  in  agreement  or  is  in  near  agreement  with  the 
magnetic  induction,  and  hence  occurs  at  a  time  which  enables 
it  to  stirmgthen  the  induction  in  the  core  or  in  that  part  of  the 
core  enclosed  by  the  secondary  circuit.     Hence  this  not  only 
may  conipensate  entirely  for  the  '*  drop "  if  the  transformer  is 
sending  out  a  work  current  from  its  secondary  circuity  but  it 
nfay  even  over-compensate  and  effect  a  still  further  increase  in 
ratio  of  secondary  electromotive  force  to  primary  electromotive 
force.    If  the  transformer  is  one  in  which  the  primary  and 
secondary  circuits  are  so  completely  intertwined  that  no  mag- 
netic leaJtage  is  possible,  then  this  alternation  of  change-ratio 
will  not  be  found.*    In  this  case  L  N  »  M^. 

Hence  when  alternators  are  coupled  to  mains  having  capacity 
through  itep-up  transformers,  the  eftects  of  increased  pressure 
which  is  found  when  the  mains  are  connected  to  the  constantly 
excited  alternator,  is  a  mixture  of  two  separate  effects,  one  due 
to  the  action  of  the  capacity  on  the  tronsformer  and  one  due 
to  the  action  of  the  caipacity  on  the  armature  of  the  alternator. 

*  It  WM  pointed  oat  by  Mr.  Alexander  Siemens,  dnring  a  diacanion  at 
the  Institution  of  Electrical  Engineers  on  a  Paper  by  the  author  on  "  Some 
Bflbcts  of  Alternating  Current  Flow  in  Oirouits  having  Capacity  and  Self  • 
Induction,**  that  in  the  case  when  experiments  such  as  those  described  in 
§  10,  were  made  with  a  form  of  transformer  which  he  calls  a  eaJtU  tfUfu/omicr, 
although  rise  of  pressure  eflGwts  were  found  at  the  two  terminals  of  the 
tnnsformer  when  connected  with  a  condenser,  yet  the  change-ratio  of  the 
tnuuformer  was  not  altered.  In  this  form  <rf  transformer,  which  is  aa 
open  magnetio  drouit  one,  magnetic  leakage  is  very  small.  See  iVoe.  /mt. 
SIm.  Engineers,  London,  VoL  XX.,  July,  1891,  p.  456.  The  reader  is  re- 
feR«d  to  the  whole  of  the  aboTe  discussion  for  further  interesting  infor- 
mation. 
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The  effeot  on  the  transformer  has  been  particularly  discussed 
by  Prof.  Ayrton  and  Dr.  Sumpner  in  a  Paper  on  '*  Alternate 
Current  Interference."* 

Their  results  were  briefly  as  follows : — 

(L)  Whether  the  transformation  is  up  or  down,  the  percentage 
rise  of  pressure  in  the  secondary  is  greater  than  that  in  the 
primary. 

(iL)  That  these  percentage  rises  diminish  as  the  secondary 
ouxrent.  increases. 

(iii.)  That  they  increase  with  the  ratio  of  transformation. 

(iv.)  That  the  rise  on  the  secondary  terminals  may  be 
oonsiderable  without  that  on  the  primary  being  appreciable. 

(▼.)  That  the  rise  in  the  secondary  still  may  persist  even 
when  large  secondary  currents  are  taken  out  of  the  trans- 
former. 

In  the  transformer  used  in  the  above  experiments  the 
change-ratio  was  1^2,  and  the  maximum  rise  of  pressure 
was  11  per  cent.  Dr.  Sumpner  also  made  some  experi- 
ments to  separate  out  the  relative  values  of  the  effects  of 
the  dynamo  and  transformer  in  producing  the  increased  pres- 
sure at  the  condenser  terminals,  and  fouud  the  effects  about 
equal. 

Space  forbids  a  more  extended  discussion  here  of  these 
affects  of  capacity  in  circuits  conveyiug  alternating  currents* 
If  an  open  circuit  possessing  inductance  and  capacity,  such 
as  a  long  concentric  cable,  is  acted  upon  by  an  alternating 
electromotive  force  at  one  end,  it  is  possible,  under  some 
conditions,  to  have  a  progressive  rise  of  pressure  all  along 
the  cable.  For  a  fuller  discussion  of  these  effects  the  reader 
is  referred  to  a  Paper  by  the  author  on  "  Alternating  Current 
Flow,"  t  and  the  advanced  mathematical  reader  to  a  series  of 
Papers  by  Mr.  Oliver  Heaviside  on  "The  Self-induction  of 
Wires,''  published  in  the  PluL  Mag.  for  1886  and  1887,  and 
more  particularly  to  the  Paper  in  the  Phil,  Mag.  of  Januaxy^ 
1887,  VoL  XXIII.,  p.  18,  in  which  the  mathematical  theory 
of  the  propagation  of  a  variable  current  in  a  concentric  cable 
is  veiy  ably  discussed. 

*  See  Proe.  Phytieal  8oe,  of  London,  Febraary  27th,  1891 ;  t^iao  EUetrician, 
VoL  XXVI.,  p.  64a 
t  See  Proo.  Intt.  Elee.  Engineert,  Vol.  XX.,  July  1891,  p.  362. 

SB 
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^  §  13.  Methods  of  Transformeir  Bistribntion.  Sub-stations. — 
There  are  two  methods  in  which  transformers  are  employed  in 
the  distribution  of  electric  current  for  public  purposes.  The 
first  method  may  be  called  the  method  of  distributed  trans- 
formers, and  the  second  the  sub-centrey  or  transformer  sub-centre 
system.  According  to  the  first  method,  evexy  building  or  house 
to  be  lit  electrically  is  provided  with  one  or  more  transformers, 
which  reduce  the  pressure  of  a  current  supplied  at  a  high 
pressure,  generally  at  1,000,  2,000,  or  2,400  volts,  to  100  or  50 
Yolts,  as  required  for  use  with  incandescence  lamps.  The  high 
pressure  ciirrent  is  supplied  by  a  system  of  underground  or 
overhead  high-pressure  service  lines,  and  the  necessities  of  each 
customer  have  to  be  considered  in  providing  him  with  a  grenp 
of  one  or  more  transformers  for  private  use.  In  the  second 
system  the  customers  are  not  fed  from  private  transformers  at 
all,  but  draw  their  supply  from  a  common  low-pressure  network 
of  service  conductors  of  greater  or  less  extent,  which  is  kept 
charged  to  a  constant  potential  by  means  of  a  single  central 
group  or  bank  of  transformers.  Each  of  these  methods  has 
certain  advantages.  In  commencing  the  supply  of  electric 
current  to  a  town  or  a  district  of  a  large  city,  it  has  been 
generally  found  that  at  first  the  demand  for  light  is  sparsely 
distributed  or  not  dense.  That  is  to  say,  here  and  there  people 
are  found  who  will  take  the  light,  but  whole  rows  of  house 
holders  do  not  at  once  demand  it.  Hotels,  restaurants,  public 
houses,  and  many  large  shops  regard  electric  lighting  as  an 
advertisement  and  means  of  getting  noticed.  Hence  they  come 
forward  at  once  and  are  ready  to  take  it  when  it  can  be 
supplied  at  any  reasonable  price.  The  average  householdersi 
particularly  of  the  middle  class  and  the  smaller  shopkeepers, 
hang  back  (1)  because  of  the  initial  outlay  necessary  in  having 
the  '^  house-wiring  "  properly  done,  which  may  be  estimated  at 
about  25s.  per  light  for  good  work,  and  (2)  because  of  the  fact 
that  the  low  price  of  gas,  as  in  England,  or  mineral  oils  makes 
electric  lighting  at  the  present  price  of  7d.  to  8d.  per  kilowatt- 
hour  a  rather  more  expensive  form  of  illumination,  and  its 
additional  advantages  appeal  less  to  them  than  does  the  im- 
mediate outlay.  Hence  the  initial  demand,  though  it  may 
amount  to  a  considerable  total  of  lighting,  exists  in  a  more 
or  less  scattered  form.      This,   however,  is  capable  of  being 
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-adeqaately  dealt  with  hy  distributed  transformers.    The  system 
is  also  a  very  flexible  one,  and  when  carried  out  by  means  of 
OTerhead  conductors,  changes  and  adaptations  can  readily  be 
made  as  required  in  the  conductor  system.    The  advocates  of 
low-pressure  systems  generally  take  occasion  to  point  out  that 
the  cost  of  the  transformers,  when  added  to  that  of  the  high- 
pressure  conductors,  would  bring  up  the  total  cost  of  the 
distribution  system  to  about  the  same  amount  as  the  low- 
pressure  conductors  in  an  equivalent  low-pressure  distribution. 
It  must  be  noted,  however,  that  it  is  a  much  more  easy  task 
to  proportion  the  initial  outlay  for  conductors  to  the  immediate 
requirements  in  the  case  of  distributed  transformers,  than  is 
4he  case  in  laying  out  a  low-pressure  service  system,  and  that 
the  economical  disposition  of  low-pressure  networks  t6  cover 
large  areas  is  a  very  difficult  matter  to  effect  when  the  amount 
•of  lighting  and  its  distribution  is  a  question,  more  or  less,  of 
•conjecture.      It  is  admitted,  however,  that  the  system  of 
distributed  transformers  is  an  imperfect  method,  except  in  so 
lar  as  the  conditions  inseparable  from  the  initial  stages  of 
public  electric  lighting  make  it  advisable  to  adopt  it  at  the 
•outset  of  the  enterprise.     The  reasons  are  not  far  to  seek.     In 
putting  in  a  transformer  into  the  house  of  a  customer  it  is 
necessary  to  select  a  size  which  will  meet  his  maximum  re- 
quirements.    Hence,  if  his  usual  custom  is  to  use  a  maxi- 
mum of  30  lamps,  but  on  some  few  exceptional  occasions  to 
Qse  45  lamps,  then  generally  speaking  a  50-light  transformer 
would  be  put  in.     Moreover,  transformers  being  only  made 
in  certain  standard  sizes,  if  his  maximum  lamps  in  use  are, 
say,  17  in  number,  he  would  have  to  be  provided  with  a  20 
or  25-light  transformer.     Three  things  follow  firom  this  :  first, 
iihe  transformers  all  over  the  supplied  area  are,  on  the  average, 
worked  very  considerably  below  their  full  capacity,  hence 
arises,  generally  speaking,  a  very  moderate  or  perhaps  low 
effidenqy  of  transformation.     Second,  there  is  an  improductive 
•capital  outlay  in  transformers,  for,  generally  speaking,  about 
25  per  cent,  more  total  maximum  capacity  has  to  be  provided 
than  is  represented  by  the  total  maximum  number  of  lamps  in 
tise.    Third,  the  transformers  being  always  connected  to  the 
primary  mains,  take  up  and  waste  energy,  even  when  no  lamps 
406  put  on,  this  being  usually  called  '*  the  waste  due  to  mag- 
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netizing  ourrent."  It  is  difficult  or  impoasible  to  make  any 
general  statements  as  to  the  total  efifeot  of  these  causes  in 
determining  the  ratio  between  the  total  units  of  electric  energy 
supplied  to  the  primaries  of  all  the  transformers  and  that 
utUised  on  the  secondary  side ;  but  the  coal  consumption  of 
many  stations  working  with  distributed  transformers  shows 
that  the  ratio  is,  in  some  cases,  as  much  as  two  to  one ;  that 
is  to  say,  one  half  the  energy  supplied  by  the  dynamos  is  use- 
lessly dissipated. 

The  system  of  distributed  transformers  has  been  properly 
called  a  good  pioneer  system,  and  it  is  not  too  much  to  say  that 
without  its  employment  one-half  of  the  electric  lighting  supply 
business  now  existing  could  not  have  been  built  up.  When 
this  distributed  transformer  system  is  employed  it  is  necessary 
to  find  on  each  customer's  premises  a  place  in  which  to  instal  the 
transformers.  Some  Supply  Companies  build  a  brick  transformer 
house,  a  small  fireproof  structure,  costing  about  on  an  average 
from  £4  to  £10,  placed  in  some  area,  yard,  or  cellar.  Others  find 
a  dry  comer  in  some  basement  cellar  or  outhouse,  and  enclose 
the  transformer  in  a  watertight  iron  case  and  fix  it  to  a  wall. 
The  transformer  or  transformers  have  then  to  be  provided  with 
a  pair  of  primary  fuzes,  long  enough  to  prevent  an  arc  starting 
across  the  terminals,  and  a  high-tension  double-pole  switch. 
On  the  low-tension  side  also  has  to  be  provided  a  pair  of  low- 
tension  fuzes,  a  double-pole  house  or  service  switch,  and  an 
electric  meter.  Also  the  British  Board  of  Trade  require  an 
<'  earthing "  safety  device  to  prevent  the  high-tension  current 
ever  entering  the  house  conductors.  In  the  overhead  wire 
systems  in  use  in  America  and  elsewhere  the  transformer  ]S> 
frequently  placed  outside  the  house  affixed  to  the  roof  or  wall^^ 
and  a  lightning  protector  has  then  to  be  fitted. 

In  the  sub-centre  system  or  transformer  substation  system 
each  consumer  is  electrically  fed  from  an  underground  or  over* 
head  low-pressure  service  network,  which  is  kept  supplied  at 
certain  points  by  means  of  transformer  centres.  In  carrying 
out  this  Efystem  in  its  most  perfect  manner  the  district  to  be  lit 
should  be  mapped  out  into  small  areas  of  not  more  than  40O 
yards  in  diameter,  that  is,  into  circular  areas  of  200  jB^tdi^ 
radius  or  squares  of  400  yards  diameter.  The  centres  of  these 
areas  should  be  chosen  at  points  at  which  convenient  rooms  or 
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transformer  chambers  can  be  obtained  in  which  to  locate  the 
transformers.  The  transformer  chambers  may  be  excavations 
made  below  ground.  In  each  of  these  areas  low-pressure  net- 
works of  conductors  should  be  laid  down.  Since,  at  a  current 
density  of  1,000  amperes  per  square  inch,  the  drop  in  volts  in 
s  copper  conductor  is  2J  volts  per  100  yards,  it  is  advisable  to 
have  the  areas,  if  possible,  rather  smaller  than  the  above- 
named  size.  To  these  low-pressure  networks  the  house  services 
«re  connected,  and  even  quite  small  consumers  of  one  or  two 
lamps  can  be  profitably  connected  in  this  case.  Each  con- 
tmmer  has  simply  a  meter,  low-pressure  fuzes,  and  double-pole 
house  switch  installed  on  his  premises.    The  centre  of  this  net- 

Sacondary  Oirs;uit,  Tow  pressure  Main. 


Lamp  Circuits. 
Double-pole  Secondary  Switches. 

Bank  of  Transformers. 

Dduble-pote  Prlmat7  Switches. 


Primary  or  High-tension  Oircuit. 

"FlQ.  25. — Arrangement  of  **  Bank  "  of  Transformers  on  Primary  and 

Secondary  Omnibus  Bars. 

work  of  low-pressure  conductors,  or  the  feeder  conductors  of 
this  network  if  they  are  employed,  is  joined  to  an  omnibus  bar 
in  the  substation,  to  which  can  be  connected  at  pleasure  any 
or  all  of  a  group  of  transformers  placed  in  the  sub-centre. 
These  transformers  all  take  primary  current  from  a  high- 
tension  primary  main  which  enters  the  room,  and  by  means  of 
suitable  switches  each  transformer  can  be  disconnected  or  con- 
nected  on  its  primary  and  on  its  secondary  side  to  the  primary 
ftnd  secondary  omnibus  mains  (ue  Fig.  25).  The  separate 
secondary  networks  may  be  all  kept  perfectly  independent  of 
each  other,  or  they  may,  as  suggested  by  Mr.  Swinburne,  be 
joined  together  by  1  to  1  transformers  enclosed  in  iron  boxes 
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buried  in  the  ground.  The  district  to  be  lit  is,  therefore, 
served  with  a  series  of  high-pressure  trunk  lines  radiating  from 
an  "  eccentric "  station,  each  of  which  terminates  in  a  trans- 
former  house  or  chamber,  as  above  described.  These  trans- 
former houses  can,  if  the  soil  is  dry,  be  excavations  in  the 
ground,  or  subterranean  rooms  reached  by  an  iron  door  and 
ladder.  The  immense  advantage  which  this  system  has  i^  that 
the  supplied  area  is  cut  up  into  sub-areas  of  supply,  of  which  the 
networks  are  all  completely  independent.  A  fault,  or  "dead 
earth,"on  one  secondarynetwork  does  not  affect  the  others.  More- 
over, the  total  transformer  power  can  be  much  more  accurately 
proportioned  to  the  maximum  lamp-load,  and  small  consumera 
can  be  profitably  supplied  If  these  sub-stations  each  supply 
enough  lights  to  make  it  worth  while  to  keep  an  attendant  at 
them  constantly  on  duty,  he  can  connect  or  disconnect  the 
transformers  as  required  in  such  wise  that  the  jrransformers 
connected  to  the  system  are  always  kept  fully  loaded.  In  thiff 
way  the  waste  of  magnetising  energy  can  be  saved  and  the 
efficiency  of  transformation  kept  up.  Generally  speaking,  how- 
ever, it  would  not  pay  to  keep  an  attendant  at  all  the  sub- 
stations, and  hence  devices  have  been  invented  to  supply  the 
necessary  attention  by  means  of  an  automatic  switch.  These 
devices  have  not  as  yet  been  extensively  employed,  for  the 
simple  reaaon  that  in  hardly  any  case  at  present  (1891)  has 
this  transformer  sub-system  method  of  distribution  been  oarriedr 
out  in  a  complete  manner ;  that  is  to  say,  completely,  and  with 
a  careful  and  deliberate  design.  Nearly  every  transformer 
supply  system  has  begun  on  the  distributed  transformer  method, 
and  continued  it  when  begun. 

In  laying  out  a  transformer  system  on  the  distributed  trans- 
former method  the  engineer  should  have  regard  to  the  possi^ 
bility  of  converting  it  subsequently  into  a  sub-centre  system^ 
and  a  little  forethought  in  selecting  routes  and  lines  for  the 
main  high-pressure  conductors  will  enable  this  to  be  done.  In 
no  case  with  which  the  author  is  yet  acquainted  has  the  sub- 
station system  been  adopted  and  worked  for  a  sufficient  time  to 
enable  a  proper  comparison  to  be  made  between  the  true  com- 
mercial results  of  alternate  current  and  direct  current  methoda 
of  supply,  taking  the  best  possible  instances  of  both  kinds. 
Many  stations  exist  for  the  supply  of  direct  current  which  are 
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almost  ideal  in  their  perfection  of  working  and  design,  and  in 
which  the  efficiency  of  generation  and  distrihation  is  accurately 
known.  That  is  to  say,  the  units  of  electric  energy  produced 
at  the  dynamo  terminals  per  lb.  of  coal  used  is  known,  and  the 
ratio  of  the  units  sold  or  delivered  to  customers  to  the  units 
generated,  called  the  efficiency  of  distribtUion,  is  also  known 
accurately  for  each  month  of  the  year.  No  such  information 
is  yet  forthcoming  for  a  good  case  of  a  transformer  sub-centre 
system  of  supply.  It  is  manifestly  unfair  to  institute  compari- 
sons, as  is  often  done,  between  highly  perfect  systems  of  direct 
current  supply  and  imperfect  distributed  transformer  systems, 
with  very  poor  efficiency  of  distribution.  It  appears  probable 
that  with  transformers  as  now  made,  used  on  the  distributed 
system,  and  kept  connected  all  the  24  hours  to  the  primary 
mains,  the  mean  annual  coal  consumption  is  about  at  the  rate 
of  201b.  per  imit  of  electric  energy  sold ;  whereas  in  the  good 
direct  current  supply  systems  it  does  not  exceed  101b.  There 
is  no  reason  why  a  well-designed  system  of  transformer  sub- 
centres  should  not  exhibit  a  coal  economy  quite  equal  to  that 
of  any  direct  current  system,  and  be  possessed  at  the  same  time 
of  much  greater  flexibility  and  power  of  extension,  as  well  as  of 
all  the  advantages  derivable  from  a  generating  station  situated 
in  the  best  position  outside  the  area  of  supply.  In  such  case 
the  secondary  networks  can  be  laid  down  on  the  three-wire 
system,  and  thus  the  economical  area  of  low-pressure  supply 
increased  beyond  a  radius  of  200  yards.  A  beginning  has  been 
made  in  adopting  this  sub-centre  system  at  Home,  and  some 
electric  stations  in  England  are  being  projected  and  designed  on 
this  plan.  The  full  advantages  of  this  sub-station  method 'are 
only  to  be  derived  if  the  transformers  are  disconnected  from  the 
mains  when  not  fully  loaded,  so  as  to  curtail  the  waste  of 
magnetising  current.  This  can  occasioilally  be  done  by  hand 
by  switches  operated  from  the  outside  of  the  transformer  room 
as  at  Rome,  but  the  desirable  thing  is  that  it  should  be  accom- 
plished by  automatic  switches. 

It  is  impossible  within  the  limits  of  this  chapter  to  fully 
discuss  all  the  arguments  for  and  against  the  transformer  sub- 
system method  of  working.  Mr.  Eapp  first  strongly  advocated 
this  mode  of  distribution  in  1887  in  a  Paper  in  Industries^  on 
December  2nd,  1887.     Mr.  Crompton  also  fully  discussed  it  in 
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his  paper  on  "Central  Station  Lighting."  (See  EleetrteicuiiYcIL 
XX.,  p.  634  ;♦  also  Journal  Soc.  Tel.  Eng.,  Vol.  XVII.,  p.  350.) 
And  Mr.  Swinhume  has  also  advocated  its  employment  in  a 
Paper  on  "  Transformer  Distribution,"  read  before  the  Instita- 
tion  of  Electrical  Engineers  on  February  19th,  1891.  (See 
Electrician,  Vol.  XXVL,  p.  547 ;  also  Proc.  Inst.  Elec  Eng^ 
Vol.  XX.,  p.  163.) 

§14  Automatic  Ohange-over  SwitcheB. — ^Many  inventon^ 
such  as  Mr.  Ferranti,  Mr.  Mordey,  Mr.  Kapp,  and  Mr.  Tomlin- 
son,  have  applied  their  ingenuity  to  devising  automatic  switches 
which  shall  connect  or  disconnect  transformers  from  a  common 
bar  according  as  the  secondary  load  is  varied.  The  idea 
embodied  in  these  appliances  is  to  provide  each  building  or 
customer  or  group  of  customers  or  sub-station  with  two  or 
more  transformers.  A  small  transformer  just  equal  to  doing 
the  daylight  work  which  is  always  connected  to  the  mains, 
and  a  larger  transformer  designed  for  high  economy  which  is 
put  on  or  off  automatically  as  the  load  varies.  This  change  is 
intended  to  be  effected  by  an  automatic  changeover  switch, 
which  is  operated  by  the  current  from  the  little  transformer. 
When  the  secondary  current  taken  out  of  this  last  is  increased 
beyond  a  certain  limit  it  is  made  to  actuate  a  relay  which 
closes  the  circuit  of  one  or  other  of  two  electro-magnetic 
solenoids  or  starts  a  motor,  and  this  motor  or  magnet  is 
intended  to  close  a  switch  and  throw  in  a  large  transformer. 

The  perfecting  of  such  an  apparatus,  if  it  can  be  accom- 
plished, would  provide  a  means  whereby  the  efficiency  of  distri- 
'  biition  of  a  distributed  transformer  system  could  be  brought 
up  into  line  with  that  of  a  direct  current  station.  It  is 
generally  stated  that  the  loss  of  energy  by  the  continuons 
flow  of  magnetising  current  shows  itself  in  a  marked  mftimgr 
in  the  coal  bills  of  a  distributed  transformer  system  station ; 
and  there  is  reason  to  believe  that  the  allegation  has  ooQ- 
s-dernble  truth. 

*  A  long  and  ardent  discussion  followed  the  reading  of  Mr.  Cromptcm't 
Paper,  in  which  the  use  of  transformer  centres  was  chiefly  advocated  by 
Mr.  Kapp.  Mr.  Eapp  read  also  in  the  same  year  (1888)  a  Paper  on  "Ttudb- 
formers  "  (see  Journal  Soc.  Td.  Eng,,  Vol.  XYIL,  p.  117),  in  which  he  also 
referred  to  the  same  matter. 
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Mr.  Tomlinson's  automatic  switch  is  in  principle  as 
follows : — ^A  bank  of,  say,  five  groups  of  transformers  of  equal 
capacity  is  arranged.  One  group  of  these  is  permanently  con- 
nected to  the  primary  omnibus  and  secondary  omnibus  mains 
of  the  sub-station.  The  automatic  regulator  consists  of  a  series 
of  four  double-contact  switches,  which  put  each  of  the  other 
groups  into  connection  both  on  the  primary  and  on  the 
secondary  side  as  the  demand  for  current  requires.  The 
switches,  which  throw  in  the  transformers,  are  turned  over 
by  a  carriage  in  the  form  of  a  double  wedge,  which  runs 
backwards  and  forwards  along  the  bed-plate  of  the  machine ; 
and,  as  it  passes,  each  switch  throws  over  a  tumbling  lever, 
which  strikes  the  switch  into  or  out  of  action. 

As  the  primary  and  secondary  circuits  are  broken  together, 
there  is  little  or  no'  spark. 

This  carriage  is  moved  by  an  endless  chain  actuated  by  two 
weights,  which  are  released  respectively  by  two  electro-magnets. 
The  large  weight,  which  takes  the  transformers  out  of  circuit, 
has  to  be  wound  up  once  a  week,  and,  as  it  takes  out  the  trans- 
formers, it  at  the  same  time  winds  up  a  smaller  weight  ready 
to  put  them  in  again.  If  any  failure  whatever  of  the  large 
driving  weight  occurs,  or  if  the  attendant  forgets  to  wind  it 
up,  the  small  weight  is  always  ready  to  put  the  whole  of  the 
transformers  into  circuit,  and  must  do  this  before  the  appa- 
ratus becomes  inoperative. 

The  mechanism  is  started  by  an  electro-magnetic  release, 
which  is  worked  from  the  generating  station  by  a  special  wire. 
A  double  relay  is  provided,  placed  in  the  secondary  circuit 
of  the  fixed  transformers.  As  soon  as  the  current  exceeds  full 
load  a  contact  is  made,  and  a  small  current  is  sent  through  one 
of  the  magnets  of  the  apparatus  along  a  wire  to  the  central 
station,  where  it  passes  through  a  choking  coil  and  a  bell.  On 
the  bell  ringing,  the  attendant  knows  that  more  transformers 
must  be  put  in,  and  he  puts  down  a  switch,  which  short  circuits 
the  choking  coil  and  bell,  and  allows  a  sufficient  current  to  pass 
to  actuate  the  magnet  and  put  a  sufficient  number  of  switches 
in.  If  the  attendant  should  inadvertently  hold  down  his  con- 
tact-key too  long  the  mistake  will  be  corrected  by  the  appara- 
tus, as  the  circuit  will  break  at  the  relay,  and  the  machinery 
will  cease  to  act.    The  magnet  for  taking  out  transformers  is 
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actuated  in  a  precisely  similar  manner  by  the  other  part  of  the 
relay,  which  acts  when  the  jcurrent  in  the  fixed  transformers- 
falls  to  less  than  half  load. 

Mr.  Kapp's  automatic  switch  is  shown  in  general  design  in 
Fig.  26.  In  this  appliance,  as  in  Mr.  Ferranti's  switch,  there  ia 
a  small  transformer,  Tp  permanently  connected  to  the  mains. 
If  the  secondary  current  going  out  firom  this  exceeds  a  certain 
yalue,  then  a  relay  magnet  and  motor,  M,  are  energised,  which 
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Fio.  26. — General  Plan  of  Connections  of  Mr.  Eapp'B  Automatio 

Transformer  Switch. 

throws  over  a  contact,  and  puts  in  another  group  of  trans- 
formers,  T^,  by  closing  a  double  switch  E. 

Some  such  apparatus  as  the  above  described  will  have  to  be 
employed  in  connection  with  transformer  sub-stations,  in  all 
cases  in  which  transformers  are  employed,  which  have  not  very 
high  efficiencies  at  low  loads,  to  avoid  the  waste  of  energy 
caused  by  the  core  hysteresis  during  all  the  24  hours. 

Many  engineers,  whilst  admitting  that  apparatus  of  this  kind 
can  be  got  to  work,  do  not  look  with  much  approval  upon 
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aatomatio  machines,  which,  however  perfect  in  principle,  are 
yet  not  invariably  found  to  act  as  perfectly  in  practice. 

Accordingly,  some  makers  of  transformers,  like  Mr.  Mordeyi 
look  for  a  way  ont  of  the  difficulty  by  designing  transformers 
having  small  internal  waste.  It  is  not  beyond  possibility  that 
some  way  may  be  found  of  annulling  the  effects  of  hysteresis 
in  the  core,  and  thus  rendering  unnecessary  the  severance  of 
the  transformer  during  light  hours  of  work.  The  possibility 
of  employing  automatic  switches  to  throw  on  and  off  trans^ 
formers  has  been  demonstrated  in  practice  on  a  small  scale, 
but  it  remains  to  be  seen  how  far  they  are  absolutely  to  be 
depended  upon  in  extensive  use. 

§  15.  Safety  Devices. — It  is  not  an  uncommon  thing  for  the 
high-pressure  current  to  rupture  the  insulation  of  a  transfor- 
mer and  make  connections  between  the  high  and  low  pressure 
ooils.  A  discharge  may  take  place  between  one  end  of  the 
high-pressure  coil  and  the  iron  core,  or  one  or  more  high- 
pressure  ooils  may  get  short-oircuited,  and  in  this  case  the 
insulation  of  the  high-pressure  coil  gets  destroyed.  If  this 
happens,  the  low-pressure  coils  also  get  injured  and  the  final 
result  may  be  that  one  or  both  sides  of  the  secondary  coil 
becomes  connected  to  the  high-pressure  circuit.  Under  these 
circumstances  anyone  touching  the  secondary  circuit  or  any 
lamp  or  fitting  might  receive  a  shock  injurious  or  fatal. 
Accordingly,  it  was  early  seen  that  in  transformer  working  it- 
would  be  necessary  to  introduce  some  form  of  safety  device 
which  should  render  it  impossible  for  unpleasant  results  to 
happen  under  any  such  circumstances. 

In  1888  Major  Cardew  brought  forward  the  first  design  for 
such  a  safety  device,*  and  has  subsequently  improved  it.  The 
nature  of  this  device  consists  in  providing  a  means  by  which, 
whenever  the  secondary  circuit  is  raised  in  potential  above  the 
earth  by  say  400  volts,  the  secondary  circuit  is  automatically 
put  "to  earth."  As  long  as  the  potential  of  the  secondary 
circuit  does  not  exceed  or  fall  below  that  of  the  earth  by  a 
dangerous  amount,  the  secondary  circuit  is  insulated,  but  on 
that  amount  being  exceeded  a  good  contact  is  made  between 

•  See  Jowfud  8oc.  TeL  Bag.,  VoL  XVn.,  1888,  p.  179. 
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it  aud  the  earth.  The  device  as  shown  in  Fig.  27  conaiBta  of 
two  brasa  platei  placed  near  but  insulated  from  each  other. 
Between  these  lies  a  thin  foil  of  aluminium  which  is  retained 
in  position  b;  ebonite  pegs.  One  plate  is  ooQDOcted  to  earth 
Mad  the  other  to  the  Heoondar;  circuit.  A  flat  projection  is 
formed  on  the  upper  plate  over  one  end  of  the  foil,  so  that  as 
soon  as  a  difference  of  400  volts  is  established  one  end  of  the 
foil  lifts  by  static  attraction  and  a  metallic  contact  is  made 
between  the  two  plates.  The  main  primary  fuses  are  then 
immediatet;  severed  by  the  increase  of  current,  and  the  supply 
■out  off.    The  tiro  plates  are  insulated  by  ebonite  rings  and 


are  securely  bolted  together,  so  that  after  being  tested  no  skill 
is  required  to  fix  them.  These  plates  are  carried  by  brass 
dipping  Bpriugs,  to  which  the  connections  are  permanently 
made,  so  that  the  act  of  slidiug  in  the  discs  makes  the 
neceseaiy  connections.  It  is  evident  that  the  apparatus  can 
be  modified  to  act  as  a  relay  and  cut  off  both  poles  of  the 
secondary  if  required.  This  apparatus,  called  an  "earthing 
device,"  has  been  extensively  used  in  connection  with  tran»- 
former  systems.  Other  means  have  been  from  time  to  time 
suggested  to  obviate  the  danger  arising  from  a  possible  invasion 
of  the  high-pressure  current  into  the  secondary  wires.     One  of 
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the  first  of  these  is  that  of  "  permanently  earthing  "  the  second- 
ary system  on  one  pole.  This  was  apparently  first  suggested 
by  Prof.  Elihu  Thomson  in  1885,*  and  again  independently  by 
the  author  in  1885.  Profs.  Ayrton  and  Perry  claim,  however, 
to  have  used  the  device  as  far  back  as  1883.  The  argument 
in  &vour  of  earthing  the  secondaxy  circuit  is  that^  being  so 
permanently  connected  to  earth,  it  is  impossible  for  the  cir- 
cuit as  a  whole  to  be  raised  or  lowered  below  the  earth  in 
potentiaL  Against  this  it  is  said  that  earthing  the  second- 
ary circuit  introduces  another  danger,  in  that  only  one  other 
earth  is  then  required  on  the  secondary  circuit  to  produce  a 
**  dead  cross "  or  short  circuit,  and  that  dangers  from  fire  are 
thus  increased.  The  insurance  offices  and  British  Board  of 
Trade  have  decided  not  to  permit  this  method. 

Another  method  described  by  Prof.  Elihu  Thomson  in  1 886, 
and  subsequently  by  Mr.  Kent,  is  to  introduce  a  metallic  sheath 
properly  slit  between  the  primary  and  secondary  coils  of  the 
transformer  and  to  connect  this  sheath  to  earth.  A  third  and 
better  method  employed  by  the  Thomson-Houston  Company  is 
to  use  9^  film  cuUout,  that  is  a  thin  prepared  piece  of  paper  placed 
between  two  metallic  contacts,  and  which  paper  is  pierced  when 
the  pressure  between  these  contacts  exceeds  a  certain  amount. 
In  using  this  film  cut-out  a  pair  of  films  are  placed  on  either 
side  of  a  contact  plate  connected  to  earth,  and  outside  these 
films  plates  connected  to  the  two  secondary  conductors.  Thus- 
each  side  of  the  secondary  circuit  is  only  separated  from  an 
earth  connection  by  means  of  a  thin  film  which  can  be  arranged 
to  be  perfectly  insulating  at  100  volts  but  to  pierce  directly  if 
subjected  to  1,000  volts.  In  case  of  invasion  of  the  low-pres- 
sure circuits  by  the  high-pressure  current  this  film  is  pierced' 
on  one  or  both  sides  and  puts  the  secondary  wire  to  earth,  at 
the  same  time  causing  the  primary  fuses  to  ''  blow  out." 

One  great  feature  of  the  sub-centre  system  is  the  abolition  of 
all  special  devices  of  this  kind  on  customers'  premises,  and  the- 
substitution  of  one  single  similar  device  at  the  sub-station,  where 
it  is  under  the  immediate  constant  inspection  of  an  expert. 

Mr.  Ferranti  has  designed  an  ingenious  device  for  guarding 
against  the  risks  of  an  "  earth  "  on  one  side  of  the  secondary 

*  B.  Thomson's  United  States  patent,  No.  322,138,  April  27, 1885. 
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Bystem.  Suppose  that  a  transformer  is  feeding  a  bouse  circuit 
from  its  seoondaiy  terminals,  and  that  an  **  earth  "  is  made  on 
one  pola  This  is  a  ^tential  danger,  in  that  it  only  requires 
one  other  ''earth"  in  order  to  establish  a  dead  cross  on  that 
secondary  circuit,  and  hence  perhaps  cause  a  fire.  In  order  to 
indicate  a  partial  "earth"  on  the  secondary  circuits,  the  follow- 
ing arrangement  (shown  in  Fig.  28)  is  adopted  :^-    * 


To  Station. 
FuM. 


] 


To  8tation.A 

I 


HoOsA  IVAilsformar, 

' — ^A/V\AAAAAAAAA/^ — ' 
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Safety  Device  Transforniert. 


i 


I 


y  To  Uinpa.  to  Earth.|r  y 

Fig.  26. — ^Ferranti  "  Earthing  Device  "  for  IVanaf onner  Proteotion. 


Across  the  secondary  main  is  placed  a  pair  of  small  trans- 
formers, the  primaries  of  which  are  in  series  and  the  secondaries 
of  which  are  in  series,  but  so  joined  that  the  secondary  electro- 
motive forces  of  each  oppose  each  other.  The  middle  or 
junction  point  of  the  primary  circuits  of  the  two  small  trans- 
formers is  put  to  earth.     The  secondary  circuit  of  the  small 


ALTERNATE  CURRENT  ELEOTRIO  BTATIONB.  431 

traxiBfonaerB  ia  oompleted  through  a  Bmall  fuse  wix6,  which 
holds  up  a  oonioal  weight.  If  one  Bide  of  the  seoondaxy  maina 
is  put  to  earth,  fully  or  partially,  then  one  of  the  little  trans* 
formers  ceases  to  produoe  current,  and  the  balance  of  electro- 
motive forces  in  the  secondary  circuits  being  upset  the  fuse 
wire  is  traversed  by  a  current  and  melted.  The  conical  wMght 
then  drops,  and  is  made  to  fall  into  a  split  cup  consisting  of 
three  contacts,  two  being  connected  to  the  secondary  mains  and 
one  being  "  an  earth."  The  secondary  mains  are  thus  both 
dead  earthed,  and  the  main  fuses  on  the  primary  of  the  supply 
transformer  blow  out.  Thus  the  apparatus  reveals  partisd 
earth  on  the  secondary  circuits ;  and  if  the  resistance  of  these 
earths  is  below  a  certain  amount  it  makes  it  known  by  putting 
the  lights  out. 

§16.  Ohoice  of  Frequency. — In  connection  with  an  alternating 
current  station  the  selection  of  the  frequency  of  alternations  at 
which  to  work  is  important.     The  most  usual  working  frequen- 
cies range  from  40  to  130  complete  alternations.    American 
practice  favours  the  higher  number.     This  is  done  because  it 
enables    small   transformers  to  be   built   with    a   moderate 
Amount  of  iron  in  the  cores,  giving  at  the  same  time  a  small 
magnetising  current.     This  is  advantageous  for  systems  of  dis- 
tributed transformers.     The  American  system  of  transformer 
working  is  to  employ  as  far  as  possible  small  transformers 
working  on  separate  secondary  circuits  on  which  all  the  lights 
are  generally  all  "on"  or  all  "off''  together.     Hence,  "secon- 
•daxy  drop  "  becomes  relatively  unimportant,  whilst  a  reduction 
of  magnetising  current  is  very  important  from  the  point  of 
view  of  plant  efficiency.     In  the  Ganz  stations  in  Europe  the 
lower  frequency  is  adopted,  on  account  of  the  greater  facility 
that  it  gives  for  working  the  alternators  in  parallel,  and  also 
giving  slower  dynamo  speeds,  thus  admitting  of  direct  driving. 
The  English  practice  is  to  get  in  between  the  two  limits  and  to 
take  80  to  100  as  the  frequency.     There  is  no  doubt,  however, 
that  the  tendency  is  to  lower  alternations.     Low  frequencies 
not  only  mean  greater  ease  in  parallel  working  of  alternators, 
but  mean  greater  ease  of  motor  working  for  small  and  large 
motors.     By  a  suitable  proportion  of  iron  in  the  transformer 
cores,  the  magnetising  current  can  be  kept  down;  and  aa  the 
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future  of  altemate-Gurrent  working  will  certainly  be  in  the 
direction  of  employing  economical  large  transformers  in  aub- 
stations,  the  question  of  bulk  of  transformer  will  not  be 
material.  It  is  not  improbable  that  a  frequency  of  from  40 
to  50  will  be  found  in  the  long  run  to  be  the  best  in  every 
way,  when  two-current  alternating-current  motors  are  perfected 
for  use  on  ordinary  alternating-current  circuits. 

§  17.  Begulation  of  Pressure. — In  any  system  of  electric 
supply  for  lamps  arranged  in  parallel  it  is,  or  ought  to  be,  in 
the  power  of  the  superintendent  of  the  generating  station  ta 
keep  as  nearly  as  possible  a  constant  potential  between  the 
terminala  of  all  the  lamps.  That  it  shall  be  possible  to  do  thia 
necessitates  careful  prevision  in  the  design,  and  in  many  exist- 
ing alternating-current  stations  much  is  left  to  be  desired  in 
this  respect.  In  a  system  of  distributed  transformers,  between 
the  lamps  and  the  dynamo  three  causes  of  variation  of  pressure 
exist,  even  assuming  constant  pressure  kept  at  the  terminals  of 
the  dynamo.  First,  there  is  the  ''  drop  "  in  pressure  in  che 
primary  leads  between  no  current  and  full  current  in  the  pri- 
mary circuit.  This  can  be,  and  is,  geneially  kept  within  two* 
per  cent.  Second,  the  "  drop  "  in  the  transformers  between  no* 
load  and  full  load;  and,  lastly,  the  "drop"  in  the  house 
wiring.  If  the  drop  in  the  transformers  does  not  exceed  four 
per  cent.,  which  is  not  always  the  case,  and  if  the  drop  in  the 
house  wiring  is  not  more  than  two  per  cent,  we  have  a  total 
possible  drop  in  pressure  at  the  lamp  terminals  of  eight  per 
cent,  between  no  load  and  full  load,  even  if  the  pressure  at  the 
station  is  kept  constant.  There  are  many  cases  of  such  alter- 
nate-current supply,  in  which  the  variation  would  amount  te 
ten  or  twelve  per  cent.  If  all  the  transformers  had  loads  im- 
posed equally  at  the  same  instant,  and  were  all  of  the  same 
size,  it  would  be  possible  to  regulate  the  pressure  at  the  station 
to  so  vary  with  the  outgoing  current  that  the  pressure  at  the 
lamps  is  kept  constant.  This  is  roughly  done  in  practice  at  some 
alternating  stations  by  providing  the  engineer  in  charge  with  a 
table  of  amperes  and  volts,  showing  at  what  pressure  the  supply 
should  be  given  at  the  station,  corresponding  to  a  given  total 
output  in  amperes  to  maintain  pressure  at  the  lamps,  fairly 
constant,   this  table   of  values  having  been  determined  by 
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experiment.  The  real  difficulty,  however,  lies  in  the  fact  that 
the  transformers  are  not  all  equally  loaded^  and  that  hence 
Tariations  in  pressure  occur  over  the  district.  On  the  distributed 
transformer  system  it  is  very  difficult  to  do  more  than  attempt 
to  keep  a  kind  of  average  constant  pressure,  and  to  aid  the 
result  by  the  employment  of  transformers  having  as  small  a 
seoondaiy  drop  as  possible.  It  is  a  good  plan  to  so  select  the 
voltage  of  the  lamp  that  the  standard  pressure  is  kept  when 
the  transformer  is  about  half  loaded.  The  extreme  range  of 
drop  of  the  transformer  is  then  split  into  half  above  and  half 
below  the  normal  pressure.  If,  for  instance,  the  drop  in  a 
transformer  is  four  per  cent.,  and  the  transformer  is  so  wound 
as  to  give  100  volts  at  half  load,  and  supplies  100-volt  lamps, 
then  the  extreme  variation  of  pressure  on  the  lamps  between 
full  load  and  no  load  will  be  from  98  to  102  volts,  and 
the  effect  on  the  lamps  will  not  be  so  noticeable  as  if  the 
transformer  was  wound  to  give  its  normal  vojtage  at  fuU 
load,  and  hence  to  rise  four  per  cent,  when  not  loaded  at 
all.  In  Chapter  II.  have  been  described  various  methods 
by  which  pressure  can  be  maintained  constant  at  the  far  end 
of  primary  circuits  independent  of  load.  It  is  quite  possible, 
both  by  the  methods  employed  in  the  Ganz  system  or  in  the 
Thomson-Houston  system,  to  slightly  over  compound^  or  over 
compensate  for  the  drop  in  the  primary  lines,  and  to  do  this  to 
an  extent  which  will  nearly  annul  the  drop  in  the  transformers. 
That  is  to  say,  the  pressure  at  the  terminals  of  the  primary 
circuit  of  the  house  transformers  is  made  to  slightly  increase 
at  the  time  when  the  majority  or  all  of  the  transformers  are 
fully  loaded.  If  these  house  transformers  are  all  under  pretty 
much  the  same  circumstances,  it  is  possible  to  secure  a  fairly 
constant  pressure  at  the  secondary  terminals. 

On  a  well-laid-out  system  of  transformer  substations  far 
better  regulation  could  be  kept.  In  the  first  place,  each 
■eoondaxy  network  would  be  laid  out  with  feeders  of  such 
capacity  that  the  loss  of  pressure  in  the  secondary  mains  could 
be  made  negligible.  By  a  proper  process  of  connecting  and 
disconnecting  the  transformers  according  to  the  variation  of 
load,  and  by  the  employment  of  transformers  with  very  small 
secondary  drop,  it  would  be  possible  to  preserve  a  very  uniform 
pressure  on  these  secondary  networks.    By  proper  regulating 
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apparatus  at  the  generating  station,  the  primary  pressure  at> 
these  substations  could  be  kept  constant  and  regulation  of 
secondary  pressure  secured  within  one  or  two  volts  on  each 
side  of  the  standard.  Irregularity  of  pressure  supply  not  only 
affects  most  injuriously  the  life  of  incandescent  lamps,  but  it 
deprives  incandescent  lighting  of  one  of  the  chief  charms  which 
it  possesses  when  properly  regulated,  viz. — a  light  which  is 
absolutely  steady  and  calm,  and  hence  restful  for  the  eyes. 


CHAPTER   IV. 


THE   CONSTRUCTION   AND   ACTION  OP 

TRANSFORMERS, 

§  1,  The  Practical  Study  of  the  Transformer. — Preyious 
pages  have  been  oocupied  with  the  historical  development  and 
modem  use  of  transformers  in  electrical  distribution.  The 
attention  of  the  reader  will  in  the  present  chapter  be  directed 
to  questions  of  the  construction  and  the  mode  of  action  of  trans- 
formers as  at  present  made.  In  order  that  improyements  may 
be  effected  in  any  acting  appliance  it  is  essential  that  its  true 
method  of  working  should  be  properly  explored.  In  improving 
the  steam  engine,  James  Watt  felt  the  importance  of  this  pro- 
cedure ;  and  hence  invented  the  admirable  device  called  the 
steam-engine  indicator,  which  provides  a  means  by  which  the 
engineer  can,  as  it  were,  look  inside  the  steam-engine  cylinder 
when  the  engine  is  working  and  discover  the  nature  of  the 
actions  therein  going  on.  In  the  same  way  a  true  practical 
knowledge  of  the  transformer  can  only  be  obtained  by  the 
application  of  some  mj9thoa  enabling  the  relation  of  the  various 
currents,  electromotive  forces,  and  the  magnetic  induction  to 
be  definitely  known.  Considerable  attention  has  been  devoted 
to  this  matter  of  late  years,  and  the  results  of  such  examina- 
tions are  highly  interesting.  In  order  to  discover  what  is 
actually  going  on  in  the  circuits  of  a  transformer  we  must 
have  the  means  of  determining  at  every  instant  the  true 
instantaneous  values  of  the  currents  and  electromotive  forces 
and  of  the  magnetic  state,  of  the  core.  This  necessitates 
that  we  shall  be  able  to  describe  or  delineate  the  curves 
representing  the  changes  of  current  strength  and  the  changes 
of  electromotive  force  or  induction.     Several  methods  have 
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been  devised  in  which  by  optical  methods  an  insight  can  be 
gained  into  the  form  and  position  in  relation  to  each  other 
in  time  occupied  by  these  curves.  Some  of  these  will  be  de- 
scribed presently.  Meanwhile,  we  may  say  that  up  to  the 
present  the  most  useful  information  has  been  gained  by  the 
application  of  a  method  apparently  first  suggested  by  M. 
Joubert  in  July  1880,  and  subsequently  employed  by  Dr.  Louis 
Duncan*  for  plotting  down  the  form  of  the  wave,  either  of 
electromotive  force  or  current  of  an  alternator.  A  general  idea 
of  the  experimental  means  by  which  the  exact  law  of  variation 
of  the  current  or  electromotive  force  in  an  alternating  current 
circuit  can  be  obtained,  is  as  follows. 

Suppose  the  end  of  the  shaft  of  an  alternator  to  be  provided 
with  a  projecting  pin  which  is  insulated  from  the  shaft,  but 
connected  by  a  wire  with  one  collar  or  terminal  of  the  armature. 
Let  an  insulated  spring  be  so  adjusted  that  this  pin  just 
touches  it  at  one  instant,  when  carried  round  by  the  shaft, 
and  let  the  spring  be  capable  of  movement  so  that  the  instant- 
of  contact  at  each  revolution  of  the  shaft  can  be  made  to  take 
place  at  any  assigned  position  of  a  certain  bobbin  of  the  arma- 
ture with  reference  to  the  field-magnet  poles.  Let  one  terminal 
of  an  electrostatic  voltmeter  or  electrometer  be  connected  to- 
the  spring,  the  other  terminal  being  connected  to  the  end  of 
the  armature  and  which  is  not  in  connection  with  the  pin. 
Imagine  the  armature  set  in  rotation,  then  the  pin  makes  con- 
tact  at  one  definite,  instant  in  each  revolution  corresponding  to* 
one  definite  instantaneous  electromotive  force  in  the  armature. 
Hence  the  voltmeter  is  as  it  were  oonnected  for  an  Instant  re- 
pieatedly  to  a  definite*source  of  potential ;  and  if  the  speed  of 
revolution  of  the  dynamo  is  sufficiently  great  the  voltmeter  or 
electrometer  will  show  a  definite  deflection  corresponding  to  the 
electromotive  force  in  the  armature  at  the  instant  of  contact. 
By  moving  the  spring  into  positions  in -which  the  contact  ia 

*  See  a  Paper  by  Dr.  Loaia  Dunoaa  and  Measn.  Hatchinaon  and  Wilkea 
in  the  EUotrical  World  of  New  York  for  ICaroh,  1888,  referred  to  in  i^e 
MleotrieiAn,  VoL  XXI.,  p.  Ill,  on  June  1, 1888.  M.  Joubert'a  ezperimenta 
are  deaoribed  in  the  CcmpU$  Sendu9  of  the  French  Academy  of  Sdeaoaa  for 
Jttlj,  1880,  (YoL  XCL  p.  161,  1880.)  H.  Joubert  employed  a  SieuMna 
a.Gemator,  and  showed  how  the  instantaneoua  valuei  of  the  cuxnat  and 
electromotive  foroe  could  be  obtained. 
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made  at  equidistant  positions  of  the  armature  loop  from  its 
position  of  isero  electromotive  force,  we  can  determine  and  plot 
down  to  scale  the  instantaneous  values  of  the  electromotive 
force  during  one  entire  period  or  cycle  of  the  electromotive 
force  variation.  We  thus  can  obtain  a  graphic  representation 
of  the  electromotive  force  or  current  wave.  In  order  to 
obtain  current  curves  we  have  only  to  apply  the  same 
method  to  measure  the  potential  difference  at  the  ends  of 
a  non-inductive  resistance  inserted  in  the  circuit.  By  thus 
employing  a  revolving  contact  made  momentarily  at  definite 
positions  of  the  armature  loop  as  it  moves  through  the  ex- 
citing field,  we  can  pick  out  and  measure  instantaneous  values 
of  this  current  and  electromotive  forces  of  the  circuits 
of  a  transformer  fed  by  that  armature,  and  thus  construct  a 
series  of  curves  from  these  instantaneous  values  which  give 
lis  the  form  and  relative  position  of  the  waves  of  current  and 
electromotive  force.  Such  a  set  of  diagrams  is  conveniently 
called  a  tranxforvMT  indicator  diagram,  and  it  serves,  after  the 
manner  of  a  steam  indicator  diagram,  to  give  us  real  information 
about  the  actions  going  on  in  the  interior  of  a  transformer  when 
at  work.  This  method  has  been  particularly  put  in  practice  by 
Prof.  Harris  J.  Ryan  in  the  United  States,  and  in  what  follows 
we  shall  draw  largely  and  almost  verbally  from  an  interesting 
monograph  of  his  on  Transformers.* 

Prof.  Ryan  in  the  first  place  improved  and  adapted  the 
quadrant  electrometer  for  the  object  he  had  in  view.  The 
essential  features  for  an  electrometer  for  these  purposes  are 
that  it  shall  read  with  accuracy  through  a  very  wide  range. 
Its  indications  must  be  unvaried  by  the  absolute  potential  to 
which  it  is  subjected  as  a  whole.  Its  law  must  be  perfectly  defi- 
nite, and  it  is  also  desirable  that  its  constant  be  unchanging. 

Fig.  1  illustrates  this  instrument  in  diagram.  It  consist  essen- 
tially of  a  cylindrical  electrometer  needle  and  metallic  quadrants 
E.  D.  To  the  upper  side  of  the  electrometer  needle  is  attached 
a  magnetised  steel  mirror  that  acts  as  a  magnet  and  as  a  mirror 
for  observing  the  position  of  the  same.  The  needle  is  hung  by 
a  single  silk  fibre,  H,  from  a  hook  in  the  top  of  the  case,  as 

*  See  Tran8aeHon»  of  the  Ameriean  InstUuiion  of  EUetrieai  Enffineen^ 
YtL  VIL,  Jan.,  1890.     Prof.  Harria  J.  Ryan  on  TransJortSferg.     - 
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shown.  Metallic  contact  from  the  needle  to  the  case  ia  ittsd» 
by  means  of  a  platinum  wire,  -0002in.  in  diameter.  This  wire 
is  readily  provided  in  the  desired  form  by  uaing  the  platinum 
cored  silver  wire  that  is  supplied  by  makers  of  aurreying  appa- 
ratus. It  is  cut  the  desired  length,  and  hooks  bent  into  shape  at 
its  terminals.  By  immersing  all  of  it  but  the  hooked  terminals  ia 
nitric  acid,  the  silver  is  dissolved  away,  leaving  the  fine  plati- 
num core  terminated  by  the  two  silver  hooka.  One  end  of  thia 
platinum  wire  thus  prepared  is  linked  into  a  hook  into  the  top^ 
of  the  electrometer  case  and  the  other  end  into  a  small  ring 
farmed  by  a  twist  of  ths  alomimum  wire  that  surrounds  the 


Fio.  L — Bjan  CombiDed  Electrometer  uid  GalTUoineler. 


mirror  C.  The  electrometer  case  is  circular,  and  the  abOTA- 
needle  and  quadrants  are  arranged  so  that  the  magnetised 
mirror  is  at  the  centre  of  the  case,  and  the  needle  and  quad- 
rants below  it.  About  the  case,  as  the  figure  indicates,  is- 
wound  a  coil,  6,  of  rather  fine  insulated  copper  wire.  The 
magnetic  mirror  and  this  coil  then,  when  the  latter  is  in  the 
magnetic  meridian,  constitute  an  arrangement  similar  to  that 
of  a  tangent  galvanometer.  In  the  electrometer,  the  needle 
case  and  one  set  of  quadrants  are  connected  together  and  form 
one  terminal,  and  the  other  set  of  quadrants,  being  connected 
together,  form  the  other  terminal  of  the  instrument,  in  th» 
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manner  set  forth  in  the  diagram.  Thus,  when  the  electro- 
meter terminals  are  subjected  to  a  difference  of  potential,  the 
needle  is  acted  upon  by  a  couple  brought  about  by  the  electro- 
static forces,  and  is  deflected  from  its  position  of  equilibrium. 
Then,  as  is  shown  in  Fig.  1,  current  from  a  Daniell's  gravity 
cell  in  circuit  with  a  suitable  rheostat  is  sent  through  the  coil 
on  the  electrometer  in  such  a  direction  that  the  needle  is 
brought  back  to  its  zero  position  by  the  action  of  the  current 
in  the  coil  on  the  magnetised  mirror.  The  current  is  then 
further  adjusted  until  the  needle'  stands  balanced  at  zero  under 
the  mutual  action  of  the  electrostatic  and  the  electromagnetic 
forces.  Under  such  circumstances  the  difference  of  potential 
of  the  electrometer  terminals  is  proportional  to  the  square 
root  of  the  strength  of  the  balancing  current. 

If  we  can,  as  was  the  case  when  the  measurements  here  pre- 
sented were  made,  consider  the  E.M.F.  of  our  cell  constant,  the 
difference  of  potential  is  likewise  proportional  to  the  square 
root  of  the  reciprocal  of  the  total  resistance  in  circuit  with 
the  cell.  Parallel  readings,  taken  with  a  standard  voltmeter 
throughout  a  range  varying  from  3  to  600  volts,  gave  confirma- 
tory results,  showing  no  deviation  from  the  above  law  and  an 
unvarying  constant.  On  account  of  the  metallic  case  and  its ' 
connection  to  the  rest  of  the  apparatus,  the  indications  of  the 
electrometer  are,  so  far  as  could  be  observed,  entirely  indepen- 
dent of  the  absolute  potential  to  which  it  is  subjected  as  a 
whole.  When  contact  was  made  with  the  alternator  inter- 
mittently, and  the  electrometer  charged  to  the  potential 
difference  to  which  its  terminals  were  then  subjected,  it  was 
found  that  considerable  part  of  the  charge  was  dissipated  by 
leakage  during  the  course  of  a  revolution  of  the  armature,  no 
matter  how  good  the  insulation  of  the  apparatus  might  be. 
A  one-half  microfarad  mica  condenser  was  then  placed  in 
multiple  arc  with  the  terminals  of  the  electrometer.  After 
a  few  revolutions  of  the  armature  the  condenser  became 
charged  to  precisely  the  same  difference  of  potential  existing 
at  the  terminals  of  the  electrometer  when  the  rotating  edg^  on 
the  armature  passed  the  tip  of  the  tongue  on  the  shaft. 

Under  these  circumstances  the  leakage  that  occurred  was 
entirely  negligible  as  compared  with  the  charge  in  the  con- 
denser during  the  course  of  time  required  for  the  armature  to 
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make  many  reyolutions.  Thus  arranged,  the  electrometei 
woald  give  acourate  readings  of  the  instantaneous  primary 
and  secondary  KM.F.'s  or  primary  current  corresponding  to 
the  instant  of  connection  of  its  terminals  with  the  alternator. 
Again,  the  square  root  of  the  mean  square  of  any  of  these  values 
could  at  any  time  be  read  from  the  electrometer  by  short-cir- 
cuiting the  contact  apparatus,  and  cutting  out  the  condenser. 

Being  thus  provided  with  an  electrometer,  the  scale  readings 
of  which  were  known  in  volts,  the  next  step  was  to  arrange  an 
apparatus  by  which  this  electrometer  was  connected  to  the 
terminals  of  an  alternator  for  a  small  fraction  of  a  second  at 
each  revolution  exactly  at  an  assigned  position  of  the  armature 
in  its  progress  through  the  field.  A  point  on  the  armature  of 
an  alternator  always  passes  a  fixed  point  at  a  time  corresponding 
to  a  definite  instantaneous  value  of  the  varying  E.M.F.  or  cur- 
rent in  it,  no  matter  whether  we  regard  these  quantities  in  the 
armature  or  in  the  transformer  primary  or  secondary  circuit  so 
long  us  the  conditions  remain  constant.  These  experiments  were 
only  concerned  with  the  values  of  the  E.M.F.  impressed  at  the 
terminals  of  the  primary  circuit,  of  the  transformer  or  with  the 
primary  current  and  the  secondary  E.M.F. ;  hence  by  changing 
the  position  of  the  fixed  point  relative  to  the  machine,  the 
rotating  point  of  reference  in  the  armature  would  pass  the  new 
position  of  the  fixed  point  at  corresponding  different  values  for 
the  primary  E.M.F.,  primary  current,  and  secondary  E.M.F. 

In  Fig.  2,  B  L  is  a  prism  of  ebonite,  bearing  a  projecting 
strip  of  brass,  B,  of  which  the  upper  side  is  filed  to  a  dull 
edge.  This  edge  is  taken  as  a  fixed  point  on  the  armature.  An 
arm,  FD,  is  arranged  to  rotate  about  D  as  a  centre,  which 
point  is  in  line  with  the  axis  of  rotation  of  the  armature.  A 
semi-circular  board  of  hard  wood,  attached  rigidly  to  the 
dynamo  frame,  serves  both  as  a  support  for  this  arm  and  a  cir- 
cumferential scale  whereby  the  position  of  the  arm  may  be 
observed  relatively  to  the  machine.  The  arm  is  made  of  brass 
and  given  the  form  shown  in  the  figure.  It  was  bent  into  a  U 
shape  at  the  top,  so  as  to  pinch  the  board  and  thus  remain  fixed 
in  any  position  desired.  At  the  top  of  this  arm  is  mounted  a 
bar  of  ebonite,  projecting  towards  the  dynamo  parallel  to  the 
armature  axis.  On  its  under  side,  fastened  at  G,  is  a  brass 
strip,  a  tongue,  H  A,  of  spring  brass  is  attached  at  the  end  and 
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at  right  angles  to  the  braaa  strip  H  Q,  as  shown.  The  podtion 
of  this  part  of  the  apparatus  is  oarefully  adjustfld  so  that  the 
pomt  about  which  the  arm  rotates  is  in  line  with  the  axis  of 
rotation  of  the  armature  and  the  aharpi;  upward  curved  end  of 
the  toDgnie  HA,  just  over  the  edge  at  the  brass  strip  at  B. 
Then  when  the  armature  is  rotated  the  strip  H  0  may  be 
bent  inward  radially  by  turning  the  thumb-screw  N,  until 
the  tip  of  the  tongue  A  is  heard  to  just  lightly  touch  the  edg« 
at  B  as  it  passes.     The  arm  may  then  be  adjusted  by  hand  so 


Re.  2L-~BBTolTiilg  Contact  Breaker  on  Armature  Shaft  of  Altemttor. 

that  the  tongue  will  touch  the  fixed  edge  on  the  armature  at 
any  desired  phase  of  the  primary  E.M.F.,  primary  current  or 
secondary  E.M.F.  and  current.  Coaiially  with  the  armature  a 
small  brass  rod  is  mounted  on  the  bar  of  ebonite  B  L.  It  is 
connected  metallically  to  B  by  means  of  a  wire.  At  0,  on 
the  frame-work  supporting  the  semicircular  board,  &o,,  is 
mounted  another  piece  of  ebonite,  insulating  and  supporting 
the  thin  metallic  strip,  P  C,  that  bears  agtunst  the  above  brssa 
rod.      G  and  I  then  are  the  terminals  of  this  contact  apparatus. 
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In  Fig.  3,  F  is  a  non-inductive  resistance,  in  series  with 
the  primary  of  the  transformer  under  test.  At  A  is  the  appa- 
ratus described  in  Fig.  1,  and  E  is  the  above  described  electro- 
meter reading  through  a  wide  range. 

The  terminals  of  the  above  non-inductive  resistance  and  those 
of  the  electrometer  are  connected  together  through  the 
contact  apparatus  at  A.  Then  it  must  be  evident  that  the 
electrometer  will  become  charged  by  a  difference  of  potential 
equal  to  that  existing  between  the  terminals  of  the  non-induc- 
tive resistance  at  the  instant  that  the  fixed  edge  on  the 
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Fig.  3. — ^Arrangement  of  Connections  in  Ryan's  Experiments. 

armature  shaft  passes  the  tip  of  the  tongue  in  the  apparatus  at 
A*  By  reading  the  indications  of  the  electrometer,  therefore, 
and  knowing  the  value  of  the  non-inductive  resistance  E  F,  the 
instantaneous  value  of  the  primary  current  corresponding  to 
the  particular  phase  due  to  the  position  of  the  arm  in  the  appa- 
ratus at  A  becomes  known.  In  a  similar  manner  the  primary 
and  secondary  E.M.F.  can  be  observed  by  changing  the  con- 
nections at  6^  Gr^,  G^,  G*.  Then  the  arm  is  rotated  to 
another  position,  corresponding  to  a  different  phase,  and  the 
corresponding  values  of  KM.F.'s  and  current  again  observed  as 
before.  In  this  manner  we  proceed  at  equal  intervals,  suffi- 
ciently near,  so  that  a  curve  may  be  determined  by  the  values 
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thus  observed  at  the  seTeral  intervals^  and  that  the  instan- 
taneous values  of  the  E.M.F.'s  or  currents  be  accurately 
known  at  all  times  throughout  a  complete  period. 

For  the  purpose  of  obtaining  the  curve  of  impressed  E.M.F. 
and  the  Vmean^*  of  the  same,  twenty-two  50  volt  lamps  were 
put  in  series  across  the  primary  circuit.  The  v  mean^  of  the 
impressed  KM.F.  in  the  primary  was  then  obtained  by  reading, 
by  means  of  the  electrometer  with  the  condenser  cut  out  and 
the  commutating  apparatus  short  circuited,  the  v  mean^  differ- 
ence of  potential  existing  between  each  set  of  two  lamps.  In 
this  way  11  readings  were  obtained,  the  sum  of  which  was  the 
total  impressed  E.M.F.  This  served  as  a  calibration  of  the 
non-inductive  resistance  formed  by  the  lamps.  At  the  same 
time  that  these  observations  were  made,  two  lamps  were  deter> 
mined  upon  to  be  used  in  all  subsequent  observations  on  the 
total  E.M.F.  Knowing,  then,  from  these  comparative  readings 
the  ratio  of  fall  of  potential  over  two  lamps,  to  the  fall  of 
potential  over  the  whole  twenty-two  lamps,  it  was  possible  to 
determine  the  instantaneous  value  of  the  whole  primary  im- 
pressed electromotive  force  by  readings  taken  of  the  instan- 
taneous potential  difference  at  the  ends  of  two  of  the  lamps, 
and  thus  obtain  the  curve  of  primary  E.M.F. 

Two  50-volt  lamps  were  also  placed  in  series  with  the  primary 
circuit  of  the  transformer  as  a  non-inductive  resistance,  and,  as 
previously  stated,  the  Jxnesin^  and  the  values  corresponding 
to  any  particular  phase  of  the  fall  of  potential  through  these 
lamps  were  observed.  This  gave  a  measure  of  the  Vmean^  or 
any  particular  value  corresponding  to  a  particular  phase  of  the 
primary  current,  when  the  resistance  of  these  lamps  was  known 
at  the  temperatures  to  which  they  were  brought  by  the  cur- 
rent. A  curve  of  resistance  corresponding  to  the  range  of 
currents  through  which  these  lamps  were  used  was  determined 
carefully  by  Mr.  Merritt  at  the  Cornell  magnetic  observatory. 

In  series  with  the  secondary  circuit  was  placed  a  gravity 
ammeter  containing  a  few  small  turns,  and  correct  in  its  ad- 
justment.    It  indicated  the  ^mean^  in  the  same  way  that  an 


*  Tlu8<  symbol,  ^/mean^f  stands  for  the  square  root  of  the  mean  of  the 
squares  of  all  the  instantaneous  values  observed  at  equal  intervals  of  time 
throughout  a  complete  period. 
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electro-dynamometer  would  haye  done.  The  observation  of 
the  Tarious  values  of  the  secondary  E.M.F.  required  no  special 
arrangement — ^this  was  done  direct  in  all  cases.  Since  the 
secondary  was  always  at  work  on  a  circuit  possessing  almost  no 
inductance,  no  determinations  of  the  curve  of  secondary  cur- 
rent were  made,  for  it  would  obviously  have  been  found  to  be 
so  nearly  in  unison  with  the  secondary  E.M.F.  and  possess  all 
the  characteristic  variations  of  the  same.  The  Vmean*  of  its 
value  was  always  known  from  the  indications  of  the  ammeter. 
As  a  load  for  the  transformer,  ten  16-candle  power  50*volt 
lamps  were  provided  which  could  be  turned  on  and  off  as 
•desired,  and  they  were  placed  at  an  average  distance  from  the 
transformer  of  not  more  than  five  feet. 

G^,  G^,  G^,  G^  represent,  in  Fig.  S,  the  various  terminals  con- 
veniently arranged  on  a  switch-board  for  ready  adjustment  for 
any  desired  set  of  connections.  The  adjustable  resistance  at  I 
consisted  of  a  plug  resistance  box,  enabling  one  to  get  any 
number  of  ohms  in  circuit  from  1  to  100,000.  It  was  very 
■conveniently  arranged ;  but  a  suitable  slide  rheostat  and  a 
damped  magnet  on  the  electrometer  needle  would  have  greatly 
facilitated  the  rapidity  with  which  observations  could  be  taken. 
The  mode  of  procedure  was  to  set  the  brush  on  the  contact 
apparatus  at  some  suitable  point,  and  then  corresponding  to 
this  point  readings  of  the  instantaneous  values  of  primary 
E.M.F.  were  made.  When  lamps  were  turned  on  in  the 
^secondary,  the  ammeter  in  that  circuit  was  also  read.  The 
brush  was  then  moved  forward  to  a  new  position  and  the 
above  readings  repeated.  This  was  continued  until  the  ob- 
server had  gone  over  a  complete  period  of  two  alternations, 
then  the  ^mean^  readings  of  the  primary  and  secondary 
£.M.F.'s  and  primary  current  were  made.  To  do  this  required 
a  period  of  time  covering  usually  not  more  than  two  and  one- 
half  hours.  Careful  observations  were  made  which  showed 
that  the  insertion  of  one,  two,  or  three  lamps  in  the  primary 
circuit  did  not  perceptibly  change  the  reUUion  of  the  primary 
E.M.F.  and  current  and  secondary  E.M.F.  The  indications  of 
the  ammeter  gave  data  for  correcting  for  variations  of  the  speed 
of  the  dynamo. 

Having  arranged  this  apparatus,  Prof.  Hyan,  assisted  by  Mr. 
Merritt,  made  a  series  of  observations  in  the  first  place  on  a 
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•mall  Westinghouse  10-light  transformer.    The  data  and  dimen- 
sions of  the  transformer  are  as  below : — 

Number  of  turns  in  the  primary  cofl  675 

„  t,  „    secondary  coil 35* 

Resistance  of  the  primary 21*8  ohms. 

I,  „       secondary  *04  „ 

Fig.  4  is  a  diagram  furnished  with  a  scale  to  which  it  wa& 
drawn,  so  that  from  it  any  details  as  to  dimensions  of  the  trans- 
former can  be  obtained. 

The  iron  discs  of  the  magnetic  circuit  of  the  transformer 
were  one-half  millimetre  in  thickness,  the  insulating  material 
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FiOb  4. — Section  of  lO-Iight  Westinghouse  Transformer. 

between  the  iron  discs  being  thin  paper.  The  total  volume 
of  laminated  iron  used  in  the  transformer  was  2,050  cubic  cms. 

The  mean  cross-section  of  the  magnetic  circuit  was  63*3 
square  cms.,  and  the  mean  length  of  the  magnetic  circuit  30*8 
cms. 

The  observations  of  the  instantaneous  values  of  the  primary 
impressed  electromotive  force,  the  primary  current,  and  the 
secondary  electromotive  force  for  various  secondary  loads  on 
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the  transformer  &ra  givea  in  the  following  tables  and  plotted 
to  scale  in  the  annexed  diagrame : — 

Secondare/  tm  Open  Circuit 


Flo.  b.—tttwdotOier  Diagram  for  Open  Beeonduy  Circuit. 
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Secondary  Cloted  through  One  Lamp. 


FlO.6. — TiKutonntr  Dngnm  for  >  Seoonduy  Current  of  1*26  Amperes. 
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SeeoTtdarji  Ciowd  throvgh  Five  Lampi, 


Vta.  7.— Truiaformar  IKagnm  for  a  Seoaodwy  Currant  of  S'83  AmparM, 
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SeeoAdary  Clottd  through  Ten  Zampi. 


Fio,  8.— Tmuformer  Ditgnm  Fnr  ■  8«coiuUr;  Current  of  10*6  Amperts. 
(Full  Luad.) 
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From  these  curves  everything  that  it  is  desired  to  know 
about  the  transformer  can  be  obtained.  By  multiplying 
together  the  corresponding  instantaneous  values  of  the  primary 
current  and  E.M.F.  the  instantaneous  value  of  the  power  given 
to  the  transformer  can  be  obtained,  and  a  curve  of  instan- 
taneous watts  laid  down.  The  integration  of  this  watt-curve 
will  then  give  the  total  energy  given  to  the  transformer  in  the 
period.    The  same  being  performed  for  the  secondary  circuity 


«0L     900.     eoa 

WatU  In  Secondary 
Fio.  9. — ^Efficiency  Curyes  of  10-Light  Westinghouse  Tranaformer. 


we  have  the  means  of  obtaining  the  efficiency  of  the  trans- 
former at  the  various  loads.  Knowing  the  instantaneous  values 
of  the  currents,  we  can  also  find  the  loss  in  the  copper  due  to 
the  current  or  the  C^  R  loss,  and  from  the  known  total  loss 
obtain  the  relative  values  of  the  losses  in  the  iron  and  in  the 
copper.  In  this  way  can  be  calculated  the  several  losses  and 
the  percentage  efficiency  of  transformation,  which  are  as  set 
down  below  for  the  transformer  in  question. 


THE  CX>NSTBUOIIOK  AND  ACTtOK  OF  TBANSFORHBRS.        451 


^•^  s 

•    Ml  Q 

m 


None 
One 
Five 
Ten 


52-3 
52-3 
51-6 
49 


a 

Ills 


96-1 
169  1 
388-6 
607-9 


P4  « 


4>  X  a 


tc 


0 

64-3 
300-9 
525  0 


ill 


0 

41-1% 

77-5% 
86-6 


o  $  ^ 

"1^ 


961 
94-8 

87-7 
82*9 


95-7 
93-9 
83-1 
69-7 


•4 

•9 
3-3 

8-7 


0 

0 

1-3 

4*8 


The  efficiency  of  this  transformer  at  full  load  is  seen  to  be 
only  86  per  cent.  This  would  amount  to  an  "all  day" 
efficiency  of  about  40  per  cent. 
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Fio.  10.— Power  CurFes  of  10-Light  Westanghouae  Transformer. 


The  results  of  these  obseryations  are  exhibited  in  the 
curves  in  Fig.  9.  The  power  curves  giving  the  power  ab- 
sorbed by  the  primary  circuit  for  various  lamp  loads  are  given 
in  Fig.  10. 

These  observations  show  clearly  what  are  the  nature  of  the 
energy  losses  in  the  transformer  and  the  effects  of  the  hysteresis 
of  the  iron. 

We  will  next  discuss  some  points  which  an  examination  of 
these  curves  suggest. 

G62 
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§2.  Form  and  Disposition  of  the  E.M.F.  and  Current 
Ourves. — In  the  first  place  we  may  note  that  the  curTe  of 
impressed  primary  electromotive  force  is  in  this  case  approxi- 
mately a  sine  curve.  Messrs.  Eyan  and  Merritt  subjected  these 
observed  curves  to  harmonic  analysis.  Whatever  may  be  ita 
form,  the  equation  of  the  curve  can  in  every  case  be  expressed 
in  accordance  with  Fourier's  Theorem  (see  Vol.  I.,  Chap.  III., 
§  3)  by  a  series  of  sine  and  cosine  terms,  and  we  can  write  the 
instantaneous  value  x  of  the  current  or  E.M.F.  as  expressed  by 
the  series 

x^A^+Ai  sin^'t+Ag  sin  2pt  +  eto. 
+  ^1  COB pt +  B2  COS  2  pt  +  etc. 

In  which  the  constants  A,»and  B,^  are  determined  by  the  equations 


^      2   TT  2vnt,^^ 


Messrs.  Ryan  and  Merritt  determined  the  arithmetic  values  of 
these  constants  for  all  the  observed  curves.  When  the  primary 
impressed  E.M.F  is  thus  analysed  it  is  found  that  it  can  be  ex- 
pressed very  nearly  by  four  terms  of  the  following  Fourier 
series  : — 

Ej » 1,500 sinpt  + 100 sin  Spt  -  42  cospt  +  28 cos Zpt. 

Graphically  it  can  be  represented  as  in  Fig.  11,  where  the- 
dotted  curves  show  the  principal  and  secondary  components  of 
the  original  (firm  line)  curve.  The  primary  E.M.F.  is  thus 
seen  to  be  made  up  of  a  principal  sine  curve  and  a  first  har- 
monic of  one-third  the  wave  length.  In  the  same  way  the 
secondary  electromotive  force  was  analysed  and  found  to  consist 
of  a  principal  component  and  an  harmonic  of  one-third  the  wave 
length  (see  Fig.  12).  The  expansion  in  harmonic  terms  for  the 
secondary  electromotive  force  being  nearly 

Eg  =  -  76-2  Bmpt  -  4-8  sin  3pt  +  2-7  cospt  -  0-1  cos  3pt. 

We  shall  not  be  far  wrong  in  assuming  that  in  all  cases  the 
curves  of  primary  and  secondary  electromotive  force  are  not 

*  For  the  proof  of  this  theorem  the  student  is  referred  to  Todhunter's 
"Integral  Calculus/'  Chap.  XIII.  Alao,  Qreenhill's  "Integral  Calculus," 
§183. 
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▼eiy  far  removed  fiom  sine  curvesy  and  treating  them  accord- 
inglj.  Doubt  has  been  frequently  thrown  on  this  by  some 
writers  who  have  even  ridiculed  the  assumption  that  the 
simple  sine  curve  can  express  the  form  of  the  curve  of  electro- 
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Fig.  11. — Harmonio  Analysis  of  the  Curve  of  Primary  Electromotive 
Force  of  10-Light  Westinghouse  Transformer.    Dotted  Curves  represent 
the  Harmonic  Components. 


motive  force  of  any  alternator ;  but  strict  investigation  proves 
the  assumption  warrantable. 

Moreover,  an  inspection  of  the  indicator  diagrams  shows  us 
that  the  phases  of  the  primary  and  secondary  electromotive 
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forces  are  exactly  opposite  to  one  another,  or  differ  by  ISOdeg., 
lichen  there  is  no  secondary  load  on  the  transformer,  but  that 
when  there  is  a  secondary  load  the  secondary  electromotiye 
force  is  a  very  little  in  advance  of  the  primary  in  phase. 

It  is  quite  different,  however,  with  the  primary  current.  We 
see  by  the  eye,  that  when  the|re  is  no  secondary  load  the 
primary  current  curve  is  very  far  from  being  a  simple  sine 
curve.  Messrs.  Byan  and  Merritt  found  that  for  the  trans- 
former they  used  the  primary  current  curve  could  be  analysed 
into  three  harmonic  components  {see  Fig.  13),  of  which  the 
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Fio.  12. — Harmonic  Analysis  of  Curve  of  Secondary  Electromotive  Force 

of  10-Light  Weetinghouse  Transformer. 


wave  lengths  are  respectively  in  the  ratio,  1:3:5,  and  that  it 
is  expressible  by  the  series, 

t-0129sinp<-0-148cosjo«  +  -011sin3joe 

- -047 oosSpt-  -016 cos  5p  t 

If  we  inquire  the  cause  of  this  distortion  of  the  primary  current 
the  reply  is  that  it  is  due  to  the  hysteresis  of  the  iron.  If 
hysteresis  were  altogether  absent  the  curve  of  primary  current 
with  open  seoondary  would  be  a  sine  curve,  lagging  90deg. 
behind  the  primary  E.M.F.  as  represented  by  the  dotted  curve 
in  Fig.  5.  If  eddy  currents  were  set  up  in  the  core  to  any 
extent  the  effect  of  these  would  be  to  cause  the  primary  current 


THE  CONSTRUCTION  AND  ACTION   OF  TRANSFORMERS.       455 

to  be  accelerated  in  phase  or  brought  more  into  synchronism 
with  the  impressed  E.M.F.  If,  in  addition,  hysteresis  is  present 
the  result  will  be  to  make  the  current  curve  unsymmetrical  in 
shape  as  we  see  it  is.    As  the  load  on  the  transformer  secondary 
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Fio.  13. — Harmonic  Analysis  of  Curve  of  Pi-imary  Currents  of  the 
10 -Light  Westinghouse  Transformer  on  Open  Secondaiy  Circuit  The 
Curve  of  Primary  Electromotive  Force  is  also  shown. 


circuit  is  increased  the  primary  current  curve  is  brought  back 
more  and  more  into  synchronism  with  the  primaxy  impressed 
E.M.F.,  and  in  its  final  position  it  comes  into  almost  exact 
opposition  with  the  secondary  electromotive  force,  losing  its  un- 
symmetrical form  and  approximating  more  to  a  simple  sine 
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curve ;  and  its  harmonio  analysis  shows  that  as  this  loading  up 
of  the  secondary  circuit  takes  place  the  principal  sine  term  of 
the  Fourier  series  for  the  current  becomes  more  important  than 
the  subsidiary  terms. 

When  the  transformer  is  fully  loaded  up  on  its  secondary 
circuit  we  see  that  the  secondary  electromotive  force  lags  a 
little  behind  the  primary  electromotive  force,  that  is,  it  is  not 
exactly  opposite  to  it  in  phase.  This  is  due  chiefly  to  magnetio 
leakage.  The  primary  current  is  under  these  circumstances 
almost  exactly  opposed  in  phase  to  the  secondary  electromotive 
force.  Under  conditions  of  full  load  none  of  the  curves  of 
electromotive  force  and  current  depart  very  widely  from  simple 
sine  curves,  and  at  any  rate  the  sine  curve  form  is  sufficiently  cor- 
rect  to  allow  of  the  application  of  simple  analytical  treatment 
in  developing  the  theory  of  the  transformer  and  in  calculations. 
The  marked  exception  to  this  is  the  primary  current  at  low 
loads  or  the  magnetising  current. 

Prof.  Ryan  and  Mr.  Merritt  repeated  the  same  kind  of 
experiments  with  a  40-light  Westinghouse  transformer,  and 
also  with  a  transformer  having  a  core  made  of  iron  wire ;  but 
the  general  results  as  to  the  form  and  relative  phases  of  the 
current  and  E.M.F.  curves  were  found  to  be  of  the  same 
character  as  in  the  above  experiments. 

Messrs.  Humphrey  and  Powell  also  studied,  by  this  method, 
a  40-light  Westinghouse  transformer,  and  found  the  loss  on 
open  circuit  to  be  only  one-half  that  of  the  10-light.  Its 
efficiency  at  the  full  load  was  96*2  per  cent.,  equivalent  to  an 
all-day  efficiency  of  90  per  cent.  This  improvement  is  due  to 
the  use  of  a  better  grade  of  iron. 

§3.  Ourves  of  Magnetic  Induction  and  Leakage.  —  The 
observed  curves  of  current  and  electromotive  force  give  us  the 
means  of  determining  other  curves  which  will  represent  the  varia- 
tion of  the  magnetic  induction  in  the  core.  The  induction  den- 
sity is  not  necessarily  and  not  generally  the  same  in  all  parts  of 
the  core.  If,  at  any  instant,  ^  bi  and  6^  represent  the  number 
of  lines  of  force,  commonly  so  called,  which  are  linked  with  the 
primary  and  secondary  circuits  respectively,  and  if  B^  and  B| 
are  the  maximum  values  of  these  quantities,  then  B|  and  B^  are 
called  the  total  inductions  through  the  primary  and  secondary 
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eircuits.  B^  has  not  the  same  valae  as  B^  when  the  seoondary 
eirouit  is  loaded,  hecause  some  lines  of  force  which  are  linked 
with  the  primary  circuit  escape  passing  through  the  secondary, 
and  this  constitutes  the  magnetic  leakage  of  the  core.  It  is  also 
generally  the  case  that  the  induction  density  is  not  the  same  in  all 
parts  of  the  cross  section  of  the  core.  Let  Bj,  B^  however,  be  the 
maximum  value  of  the  lines  per  square  centimetre  of  cross  section 
3f  the  core.  If  S  is  the  area  of  cross  section  of  the  iron  core 
or  magnetic  circuit,  and  if  N^  is  the  number  of  windings  of  the 
primary  coil,  then  N^  S  B|  will  be  the  maximum  total  induction 
in  C.G.S.  units  enclosed  by  the  primary  or  will  be  the  maximum 
of  the  total  number  of  lines  of  force  linked  with  the  primaiy 
oircuit.    Let  5^  be  as  stated,  the  instantaneous  value  of  B^. 

Then  N^  S  — ^  will  express  the  time  rate  of  change  of  b^  at  any 
dt 

instant,  and  will,  therefore,  be  the  back-electromotive  force 
induced  at  that  instant  in  the  primary  circuit.  Hence,  by  the 
fundamental  equation 

^    dt         *      ^ 

In  which  equation  r  stands  for  the  ohmic  resistance  of  the 
primary  circuit,  and  t\  and  e^  the  instantaneous  values  of  the 
primary  current  and  impressed  electromotive  force  at  the  same 
instant,  when  the  secondary  circuit  is  open.  Therefore  we 
have 

dt       NiS    ' 


And  therefore  ftj-a  I  JL—^i  (f «  + const. 


where  the  integral  is  taken  between  proper  limits.  This  equa- 
tion shows  us  that  if  we  have  the  curve  for  e^  and  the  curve  for 
di  we  can  construct  a  curve  corresponding  to  « j  -  r  t|,  and  by 
integrating  the  area  of  this  last  curve  between  limits  can 
obtain  the  value  of  the  magnetic  induction  enclosed  by  the 
primary  circuit  at  the  instant  corresponding  to  any  value  of 

^  and  t\.     It  is  obvious  that  when  r  i^ »  e^  then  — l  =  o,  and 
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hence  this  point  corresponds  to  the  maximum  positiye  or 
negative  value  of  the  induction  B^. 

Again,  if  B,  stands  for  the  maximum  value  of  the  magnetio 
induction  within  the  secondary  circuit,  or  for  the  maximum 
number  of  lines  of  force  per  square  centimetre,  which  are  linked 
with  the  secondary  circuit,  and  if  dj  stands  for  the  instan- 
taneous value  of  the  same,  then  thp  instantaneous  value  of  the 
secondary  electromotive  force  eg  is 

^        *       dt 

Where  Ng  is  the  number  of  secondary  windings  and  S  the  cross 
section  of  the  magnetic  circuit,  it  follows  that 


^  ;NoS 


t  +  const. 

And  the  instantaneous  value  of  the  induction  through  the 
secondary  circuit  at  any  instant  can  be  obtained  by  integrating 
the  curve  of  secondary  electromotive  force  between  proper  limits 
(see  Fig.  14).  In  general  h^  is  not  identical  with  62,  and  the 
curves  of  induction  so  formed  are  not  similar.  This  is  because 
magnetic  leakage  intervenes  to  cause  the  inducti6n  through  the 
secondary  circuit  to  be  less  than  the  induction  through  the 
primary  circuit,  that  is  to  say,  all  the  lines  of  force  which  are 
linked  with  the  primary  are  not  linked  with  the  secondary  circuit. 
The  difference  between  h^  and  h^  being  taken,  gives  .us  the  curve 
of  magnetic  leakage.  In  Fig.  15  the  curve  F,  representing  6^ 
is  so  deduced  from  the  primary  electromotive  force,  and  the 
curve  G,  representing  }>^  is  deduced  from  the  curve  of  second- 
ary electromotive  force.  The  curve  H  represents  the  curve  of 
magnetic  leakage.  The  ordinates  of  the  curve  H  are  obtained 
by  taking  the  difference  of  those  of  curves  F  and  G. 

The  student  will  find  it  an  assistance  to  adopt  a  suggestion 
which  has  already  been  made  of  giving  a  name  to  a  unit  of 
magnetic  induction  equal  to  10®  "lines  of  magnetic  force." 
This  quantity  it  has  been  proposed  to  call  one  gauss.  The  gauss, 
therefore,  is  a  unit  in  which  magnetic  induction  is  measured. 
The  common  custom  which  we  have  hitherto  followed  is  to 
employ  the  term  the  magnetic  induction  to  denote  that  which 
ought  properly  to  be  called  the  density  of  magnetic  induction. 
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This  necessitates  the  use  of  the  phrase  total  induction^  to  denote 
the  whole  number  of  so-called  lines  of  force  passing  through  any 
area  and  to  distinguish  it  from  the  number  passing  through  a 
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FiQ.  14.— TheXDotted  Curve  D  is  the  Curve  of  Total  Magnetic  Indno- 
tion  in  the  Core  of  the  10-Light  Westinghouse  Transformer  calculated 
from  the  Curves  of  Primary  Electromotive  Force  (A)  and  Current  (B), 
One  scale  division  (vertical) =100,000  Lines  (C.G.S.)=  "OOl  Qausa. 


unit  of  area  taken  perpendicularly  to  those  lines.  The  simplest 
plan  is  to  adopt  the  word  gatus  as  the  name  for  a  certain 
amount  of  magnetic  induction  or  for  10^  lines  of  mag- 
netio  force.     We  can  then  speak  of  an  induction,  meaning 
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A  total  induction  of  so  many  gausses,  through  any  area,  and,  if 
we  wish  to  refer  to  the  induction  density,  or  the  induction,  at 
any  point,  we  can  do  so  by  speaking  of  the  gausses  per  square 
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FiQ.  15. — ^Tranaformer  Diagram  for  10-Light  Westinprhouse  Transformer. 
A = Primary  E.M.F.  ;  B= Primary  Current ;  F= Induction  through 
Primary  ;  G=:  Induction  through  Secondary  ;  H= Magnetic  Leakage 
•Curve  ;  E=Magnetismg  Component  of  Primary  ;  C= Secondary  Currents 

eentimetre  at  that  point.  In  the  above  equations  if  e  and  i  ate 
measured  in  volts  and  amperes,  h  is  determined  in  gausses,  and 
can  always  be  converted  to  C.-G.-S.  measure  by  multiplication 
by  108. 
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From  the  induction  curves  so  obtained,  Prof.  Ryan  was  able 
to  draw  the  hysteresis  diagram  for  the  transformer.  If  we  set 
off  as  horizontal  abscissee  the  values  of  the  primary  magnetising 
current  and  as  ordinates  the  corresponding  total  magnetic 
induction  through  the  primary  circuit,  the  result  is  seen  iii< 
Fig.  16  for  the  small  10-light  Westinghouse  transformer.     Oi> 
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Fio.  16. — Energy-loss  Diagram  for  10-Light  WeetiDghouse  Transformerr 
Outer  Curve  is  the  (B,  t)  Curve  ;  inner  Curve  the  Static  Hysteresis  Curve. 
Horizontal  abscissae  represent  Magnetising  Current ;  Vertical  Ordinate* 
total  Induction  in  Core  in  C.G.S.  Units. 


Open  circuit  the  maximum  induction  density  in  the  iron  was 
3,850  lines  per  square  centimetre.  The  iron  discs  of  which  the 
magnetic  circuit  of  this  transformer  was  composed  were  one 
half  millimetre  in  thickness,  and  separated  by  paper.  The 
total  volume  of  laminated  iron  was  2,050  cubic  centimetres. 
The  mean  cross-section  of  the  magnetic  circuit  was  63*3  square 
centimetres,  and  the  mean  length  of  the  magnetic  circuit  was 
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30*8  centimetres.  Hence,  the  maximum  value  of  the  total 
induction  through  the  crosB-BCCtion  of  the  magnetic  circuit 
was  about  240,000  lines ;  and  since  the  primary  turns  were 
675  in  number,  the  maximum  total  linkage  of  lines  with 
the  primary  circuit,  at  maximum  induction,  would  be 
675  X  3850  x  63*3  « 1*652  x  10^  nearly,  or  about  165  gausses. 
If  we  integrate  the  area  of  the  outer  loop  in  Fig.  16  in  terms 
of  a  rectangular  unit  of  area  one  of  whose  sides  represents  one 
ampere  to  the  same  scale  as  the  abscissae,  and  the  other  side 
one  gauss  on  the  same  scale  on  which  the  vertical  ordinates  are 
taken,  we  find  the  area  of  this  loop  to  be  very  nearly  *001  of 
such  unit.  Multiplying  this  by  675,  or  the  number  of  primary 
turns,  we  have  the  number  0*67,  which  is  the  loss  of  energy  in 
the  core  for  one  complete  cycle  nieasured  in  joules.  For,  if  we 
take  the  fundamental  equation  referred  to  just  above,  vis. —  . 

^      dt  *      * 

and  multiply  all  through  by  t^  and  d  t,  we  have 

Nj  S  tj  ci  &!  +  r  »\*  dt^eii^d  t. 

Assume  these  quantities  all  to  be  measured  in  C.-G.-S.  units, 
then  the  right-hand  term  represents  the  energy  given  to  the 
primary  circuit  of  the  transformer  in  the  short  time,  dt;  the 
middle  term  represents  the  loss  in  the  copper  or  the  resistance 
loss ;  and  the  left-hand  term  must  therefore  represent  the  loss 
in  the  iron  in  the  same  short  time.  If  we  integrate  all  these 
terms  through  one  complete  period,  then  the  integral  of 
Nj  S  t\  d  bi  taken  through  a  complete  period  is  represented  by 
the  area  of  the  closed  curve  in  Fig.  16,  of  which  ordinates 
represent  the  various  values  of  S  bi  or  the  total  induction  and 
abscissse  the  values  of  t\  or  the  magnetising  current.  Hence, 
when  1*2  is  measured  in  amperes  and  S  b^  in  gausses^  the  product 
of  the  area,  and  the  primary  turns,  N^,  gives  us  th^  energy 
lost  in  the  core  in  one  cycle  in  joules.  If  there  are  138 
cycles  per  second,  then  the  total  loss  in  the  core  per  second  is 
*67  X  138=>92'46;  and  this  represents  the  total  loss  in  watts  in 
the  core  on  open  circuit.  Hence,  since  the  volume  of  the  core 
is  nearly  2,000  cubic  centimetres,  the  loss  per  cubic  centimetre 
is  *046  of  a  watt.  The  total  observed  loss  in  the  core  is  95*7 
watts,  eddy  current  loss  and  hysteresis  being  both  included, 
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It  was  thought  that  it  would  be  interesting  to  see  how  far  the 
diagram  of  total  iron  loss  so  obtained  agreed  with  that  obtained 
by  the  method  of  Ewing  when  the  iron  was  carried  through 
its  magnetic  cycle  slowly.  Accordingly,  Mr.  Merritt  deter- 
mined the  inner  curre  shown  in  Fig.  16  by  that  method.  The 
iron  was  not  taken  quite  up  to  the  same  maximum  of  magneti- 
sation in  both  cases,  and  hence  the  agreements  of  the  two  curves 
is  not  vezy  close;  but  as  they  stand  they  seem  to  show  that  the 
hysteresis  is  not  increased  by  carrying  the  iron  through  its  mag- 
netic cycle  more  rapidly.  On  the  other  hand,  there  is,  apparently, 
a  marked  decrease  in  the  total  loss  of  energy  in  the  iron  as  the 
transformer  is  gradually  loaded  up.  The  iron  losses  of  the 
transformer  seem  to  decrease  as  secondary  current  increases. 

This  fact,  which  is  indicated  by  Prof.  Ryan's  experiments, 
eee.ms  to  be  confirmed  also  by  those  of  other  experimentalists. 
As  far  back  as  1888,  some  experiments  of  Prof.  Ayrton's  on  a 
small  Eapp  and  Snell  transformer  indicated  that  this  result 
might  be  looked  upon  as  probable.  In  1890  Prof.  Roiti,  of 
Florence,  carried  out  a  very  valuable  series  of  experiments'*  on  a 
Zipemowsky-Deri  transformer,  in  which,  after  giving  the  results 
of  his  measurements,  he  says,  "  We  are  apparently  thus  led  to 
a  deduction  of  considerable  theoretical  importance,  and  which 
would  be  opposed  to  the  generally  accepted  opinion  of  the 
present  day  relatively  to  the  hysteresis  of  iron,  and  that  is  that 
the  energy  wasted  on  the  reversals  of  magnetism  seems  to  be 
negligible.  He  goes  on  to  point  out  that  the  numerical  results 
obtained  for  the  energy  dissipated  in  iron  when  it  is  carried 
slowly  through  a  cycle  of  magnetism,  as  in  the  experiments 
of  Ewing  and  Hopkinson,  cannot  in  his  opinion  be  applied  to 
magnetic  operations  in  which  the  iron  is  carried  through  its 
magnetic  cycle  one  or  jbwo  hundred  times  in  a  second. 

Prof.  Ayrton  and  Mr.  Taylor,  in  a  Paper  read  before  the 
Physical  Society  of  Londonf  in  1891,  arrive  at  the  same  con- 
clusion; and  Mr.  Mordey  at  the  same  time  made  known  figures 
;i^hich  he  had  obtained  supporting  that  view.  In  a  discussion 
at  the  Institution  of  Electrical  Engineers^  Mr.  Mordey  gave 

♦See  TA«  EUctHcian,  VoL  XXVI.,  p.  540. 
t  See  Za  LumUre  EUetrique,  Vol.  XXXV.,  1890,  pp.  479—525. 
X  Journal  of  iDBtitution  of  Electrical  Engineen,  Vol.  XX.,  April,  1891. 
p.  2Xri. 
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the  actual  measurements  made  with  a  6,000  watt-transformer. 
On  open  secondary  circuit  the  loss  in  the  transformer  was  IIQ 
watts ;  at  full  load  the  loss  was  205  watts ;  the  loss  in  the 
copper  was  found  to  be  176  watts  at  full  load.  Hence  we  have 
the  loss  in  the  iron  at  full  load  as  29  watts.  The  magnetic 
induction  was  about  4,000  G.-G.-S.  These  results  of  Mr. 
Mordey  for  the  transformer  in  question  are  quite  inconsistent 
with  the  results  given  by  Prof.  Ewing  for  static  hysteresis  or 
for  the  loss  at  corresponding  inductions  when  the  cycle  is 
traversed  slowly.^  The  general  tendency  of  all  these  experi- 
ments, if  correct,  would  be  to  show  that  we  cannot  calculate 
the  losses  in  a  transformer  on  the  assumption  that  the  iron 
losses  are  constant  at  all  loads  and  equal  to  the  slow-cycle 
values  when  the  frequency  of  reversal  is  between  100  and 
200  f\j  per  second.  Galculations  based  on  this  assumption 
may,  or  may  not,  be  erroneous,  but  we  are  left  with  the  con- 
clusion that  the  losses  in  the  iron  of  a  transformer  can  only 
properly  be  determined  by  experiment.  It  cannot  be  said 
yet  that  the  subject  is  exhausted,  for  the  reason  has  yet  to  be 
determined  of  this  remarkable  reduction  in  the  hysteresis 
waste  at  full  load.  It  has  been  suggested  that  the  mechanical 
vibration  of  the  iron  at  full  load  diminishes  the  hysteresis.  If 
we  can  trust  to  mechanical  analogies  we  should  expect  the 
hysteresis  to  diminish  when  the  frequency  is  increased.  Every 
material  exhibits  strain  h3rsteresis  when  slowly  loaded  or 
unloaded,  but  exhibits  no  hysteresis  when  the  change  of  stress 
is  very  rapid.  Thus  it  has  been  pointed  out  that  the  most 
inelastic  of  bodies,  such  as  pitch,  transmits  a  musical  note 
unchanged;  and,  trusting  to  this  analogy,  some  physicists  have 
maintained  that  magnetic  hysteresis  must  be  negligible  when 
the  magnetic  cycle  is  rapidly  performed.  Others  doubt  this  ; 
and  we  find  thus  a  difference  of  opinion  existing  on  an  im- 
portant matter. 

*  Mr.  Mord^  quoted  also  (foe  eU.)  a  letter  from  Prof.  Ewing,  in  which 
he  ezpreBsed  the  opinion  that  the  loss  from  hysteresiB  is  not  proved  to  be 
proportional  to  the  speed  of  magnetic  reversals,  especially  when  that  q>eed 
is  high.  This  opinion  modifies  the  view  previously  expressed  by  the  same 
writer  (see  PhU.  Trans.,  1886,  p.  554,  and  The  EUetrieian,  VoL  XXV.,  1890, 
p.  169),  that  the  loss  would  probably  be  greater  at  high  rates  of  reversal 
than  at  low. 
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The  above  oonolusions  that  the  iron  losses  in  a  transformer 
decrease  as  the  load  on  the  secondary  is  increased  cannot  be 
said,  however,  to  have  been  generally  accepted,  and  many  felt 
that  the  subject  required  further  investigation.     This  it  has  re- 
ceived from  Prof.  Ewing,  who  attacked  the  problem  directly  in 
an  ingenious  manner.*    EQs  experiments  were  as  follows : — 
Two  precisely  similar  model    transformers  were  wound,  the 
core  consisting  in  each  case  of  a  ring  of  instUated  iron  wire, 
over  which  was  wound,  on  each  ring,  two  equal  primaries  and 
two  equal  secondaries.    The  primaries  of  one  transformer  were 
wound  so  as  to  oppose  each  other,  and  the  secondaries  of  the 
same  tamsf  ormer  were  also  wound  so  as  to  oppose  each  other. 
The  result  was  that  this  transformer  was  magnetically  inactive 
whatever  current  was  passed  through  its  primary  or  secon- 
dary.    The  two  transformers  had  the  circuits  connected  in 
series,  the  same  alternating  primary  current  traversing  both 
primaries.    The  secondary  circuits  were  also  joined  in  series. 
Hence  the  primary  and  secondary  circuits  of  both  were  tra- 
versed by  the  same  currents,  and,  therefore,  had  produced  in 
them  frictional  heat  due  to  ohmic  resistance  at  the  same  rate. 
The  iron  core  of  one  transformer  was,  however,  not  magnetised 
by  the  currents,  whilst  that  of  the  other  one  was  magnetised. 
Hence  the  core  of  the  active  transformer  got  hotter  than  that 
of  the  other.     The  core  of  the  magnetically  inactive  trans- 
former was  then  brought  up  to  the  same  temperature  as  that 
of  the  active  one  by  passing  a  continuous  current  through  the 
circuit  of  insulated  iron  wire  forming  its  core,  and  equality  of 
temperature  obtained  as  tested  by  means  of  a  pair  of  thermo- 
electric junctions  buried  in  both  cores. 

By  means  of  a  ^'tertiary"  coil  on  the  active  transformer 
equality  in  the  magnetic  induction  of  its  core  was  also  pre- 
served. The  experiment  consisted  in  working  the  transformers 
at  constant  induction  in  the  core  of  the  active  one,  but  first 
on  open  secondary  and  then  on  closed  secondary  circuit,  and 
noting  whether  the  heat  required  to  be  given  to  the  core  of 
the  magnetically  inactive  transformer  to  balance  its  core  tem- 
perature with  that  of  the  other  remained  the  same  in  the  two 
cases.    No  difference  in  any  case  could  be  found  in  the  con- 

.«  See  T%e  EUet/noian,  Vol.  XXVIIL,  p.  Ill,  December  4, 1891. 
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tmuous  ouirent  required  to  balance  the  temperatures  of  the 
cores.  The  inference  is  that  the  loss  through  hysteresis  and 
addy  currents  went  oh  in  the  magnetised  core  at  the  same  rate^ 
whether  the  secondary  circuit  was  loaded,  or  whether  it  was 
on  open  circuit.  As  far  as  these  experiments  have  gone  at  the 
time  of  writing,  the  issue  seems  pretty  clear  that  the  iron  losses 
in  a  transformer  core  are  constant  at  all  loads,  at  least  as  far 
as  regards  pure  magnetic  hysteresis. 

S4,  Other  Methods  of  Obtaining  Thmsformer  IMagraiiis 
and  Current  Gunres. — Dr.  Louis  Duncan,  of  Johns  Hopkins 


is       20      22 

Fio.  17. — Electromotive  Foroe  and  Ciurent  Oarvet  of  Stanley  Arc  light 
Alternator  when  working  on  a  Load  of  five  Incandescent  Lamps.  The 
positions  of  the  Pole  Pieces  are  shown  at  the  bottom  of  the  Diagrain, 

UniTersity,  has  suggested  an  elegant  method  of  obtaining 
the  curves  of  current  and  E.M.F.  of  a  transformer  or  alter-, 
nator  simultaneously  without  the  special  difficulties -attendant 
on  the  determinations  made  as  above  described.  Four 
small  dynamometers  are  constructed,  of  which  the  fixed  coils 
are  wotmd  with  wire  of  such  size  and  length  as  to  be  suit- 
able for  insertion  in  and  across  the  primary  circuit  and  in  and 
across  the  secondary  circuit  of  the  transformer  to  be  tested. 
Tke  movable  coils  of  these  dynamometers  are  all  joined  up  in 
series,  and  arranged  so  as  to  be  traversed  by  a  oontinnons  ear 
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rent  from  a  few  oella  of  a  secondary  battery.  The  cirouit  ot 
these  cells  is  interrupted  by  a  pin  fixed  to  the  armature  shafti 
which  ^touches  an  insulated  wiper  or  spring,  -suitably  placed,' 
and  which  wiper  can  be  shifted  into  various  angular  positions, 
so  as  to  make  contact  at  various  equidistant  intervals  of  time 
right  through  a  complete  phase  of  the  armature  KM.F. 
period.  It  is  evident  that  each  dynamometer  when  traverslBd 
by  the  alternating  and  interrupted  currents  will  experience  a 
rapid  series  of  impulses  which  in  each  case  will  be  proportional 
to  the  instantaneous  magnitude  of  the  current  passing  through 
its  fizad  coil  during  the  short  period  in  which  the  wiper  is 
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Fta.  18. — EleotromotiTe  Force  and  Cunrent  Coires  of  Stanley  Alternater 

when  working  on  a  Load  of  10  Arc  Lamps. 


making  contact.  These  impulses  run  together  into  a  con- 
tinuous torque  on  the  movable  coil,  which  can  be  measured  in  tibe 
usual  way  by  a  twist  on  the  supporting  spring  or  wire.  Hence ' 
we  have  here  an  arrangement  which  possesses  the  great  advan- 
tage that  all  four  curves  can  be  determined  at  once,  and  also 
that  the  current  through  the  contact-breaker  can  be  made  to  be 
a  relatively  small  current  of  small  E.M.F.  By  employing  a 
galvanometw  in  series  with  the  moveable  coils,  we  can  correct 
f6r  any  error  due  to  change  in  strength  of  the  battery  current. 
The  method  can  easily  be  modified  so  as  to  photograph  aU  the  ■ 
fonroorves  in  proper  relative  position. 

hh2 
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M.  Blondlot  has  al«o  deviaed  a  method  by  which  a  oon- 
donser  ig  oonneoted  for  an  instant  at  some  period  of  the  E.M.F. 
phase  to  the  armature  terminals  by  means  of  a  revolting 
oontaot  pin  and  wiper,  and  is  then  discharged  through  a  gal- 
Tanometer.  By  this  means  a  rapid  series  of  discharges  are 
sent  tJirough  the  galvanometer,  and  the  instantaneous  value 
of  the  E.M.F.  of  the  alternator  thus  becomes  known.  Oth«r 
experimentalists  have  devised  modifications  of  this  method, 
and.  by  using  a  set  (^  two  or  more  oontaot  pins  and  wipara 
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oa  the  revolving  alternator  shaft  several  curves  of  current 
or  KM.F.  can  be  determined  at  one  time,  ^y  employ- 
ing  one  or  other  of  these  methods  di£ferent  observers  have 
made  a  special  study  of  the  forms  of  the  current  and  electro- 
motive curves  of  alternators  and  transformers  when  supplying 
inductive  and  non-inductive  circuits.  Space  will  not  allow  ua 
to  enter  into  a^  full  discussion  <^  the  various  forma  presented 
by  the  E.M.F.  curve  of  different  species  of  alternator.  For 
the  case  of  a  single  practically  non-inductive  loop  revolving 
round  an  axis  in  its  own  plane  in  a  uniform  magnetic  field  it  ia 
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• 

dear  that  the  simple  sine  curve  represents  the  form  of  this 
cturre  of  vaxying  E.M.F.  Fot  many  kinds  of  alternators  it 
would  appear  that  the  form  of  the  E.M.F.  curve  is  not  widely 
different  from  the  simple  sine  curve.  The  form  may^  however, 
be  greatly  varied,  depending  upon  the  geometrical  form  of  the 
field  poles,  upon  whether  the  armature  has  an  iron  core,  and  if 
BO  <^  what  kind,  and  upon  the  nature  of  the  external  circuit. 
Experiment  shows  that  great  deviations  from  a  simple  sine 
curve  may  take  place.  This  is  not  always  due  to  the  internal 
actions  in  the  machine.    Thus,  in  the  case  of  the  Stanley  or 


Fig.  20. 


Westinghouse  arc  light  alternators,  which  we  have  described 
in  §  17  of  Chapter  II.,  very  peculiar  variations  in  the  KM.F. 
curve  were  found  to  be  dependent  upon  the  nature  of  the 
external  circuit. 

These  experiments  were  made  by  Messrs.  Tobey  and  Wal- 
bridge,^  at  the  Cornell  University  Electrical  Laboratories. 
When  this  Stanley  alternator  was  worked  on  short  circuit,  or 
on  a  load  of  incandescent  lamps,  the  E.M.F.  curve  of  the 
machine  was  not  very  different  from  a  simple  sine  curve  (ttk 
Fig.   17).      When  the   machine  was  worked  on  arc  lamps 

*  See  EUoiTwil  World  of  New  Toit,  November  8,  1880,  YoL  XVI.; 
|i.  399. 
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in  Beriea,  aa  deacribed  in  a  former  chapter,  the  form  of  the 
E.M.F.  curve  waa  totallj  altered,  and  it  assumed  the  onriooa 
peaked  form  shown  in  Figs.  18  and  19.  At  the  same  time,  the 
position  oE  the  armature  with  reepeot  to  the  field  poles  for  sero 
£.lf.F.  was  changed.  The  explanation  advanced  by  the  investi- 
gators to  explain  this  cniious  change  in  form  of  the  KM.F.  curve 
Is  that  when  working  on  alternating  arcs  the  stoppage  of  the  arc 
at  each  reversal  of  current  in  it  is  aooompanied  by  a  great  rise 
In  resistance  of  the  circuit,  and  that  th«  E.M.F.  required  to 


Fio.  21. — ElactromotiTfl  Force  Curve  (Snn  line)  oi 
nttor  reprCMnUd  in  Fig.  20.    Hw  dotted  cut 

begin  the  arc  again  is  much  greater  than  tliat  required  to 
maintain  it.  The  current  curves  of  the  machine  are  in  all 
osaes  muoh  more  nearly  sinoidal  in  ftorm.  In  a  discnsaion 
which  followed  the  reading  of  the  Paper  describing  tlieee  expe- 
rimentB,  Dr.  Pupin  made  the  remark  that  the  variation  of  Uie 
E.U.F.  was  probably  due  to  the  variation  of  resistance  of  the 
•res  with  current.  Since  in  the  arc  the  greater  the  current 
the  less  is  the  resistance,  the  varying  resistance  of  the  arce 
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would,  in  r  machine  bo  responsive  as  this  alternator,  call  forth 
a  greater  E.M.F.  at  the  beginning  of  the  period.  The  results, 
however,  show  that  it  does  not  do  to  assume  without  warrant 
that  the  E.M.F.  curve  of  any  given  machine  has  a  fixed  form 
independent  of  the  load.  Keither  must  it  be  asBumed  without 
proof  that  for  any  given  machine  the  form  of  the  E.M.F.  curve 
is  ainoidal,  even  when  working  on  a  non-inductive  load.  Mr. 
Waiien  B.  Lewis  bos  studied*  the  K.U.F.  curves  of  a  form  of 


Vm.  22. — Gtoctromotive  Force  Cnrre  (firm  line)  of  Altemttor  ihown  Id 
Fig.  20  when  working  on  a  W«ter-reaiatance  Load,  The  dott«d  cnrre  is 
the  Current  Curve. 

alternator  not  unlike  the  Qans  alternator  in  the  form  of  its 
iron  drouit  (we  Fig.  20),  exoept  that  the  revolving  portion  is 
the  armature;  and  the  result  of  this  study  is  to  show  that  the 
E.M.F.  curve  of  this  alternator  on  open  circuit  has  the  form 
shown  in  Fig.  21.  The  dotted  line  is  a  sine  curve,  drawn  for 
oompariscn.  The  positions  of  the  field  poles  are  also  shown  in 
the  diagrams.     When  worked  on  a  water  resistance  absorbing 

*  See  BUetrieal  World  ot  Kew  Tork,  1891 ;  alao  EUetridam,  ToL 
XXTIIL,  p.  SO,  1891. 
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S3  kilowatts  the  form  of  the  E.U.F.  is  quite  altered.  The 
maximum  output  of  the  machine  was  60  kilowatts.  Fig.  22 
shows  this  last  E.M.F.  curve,  and  the  dotted  curve  is  the  our- 
rent  «arve.  When  worked  on  an  inductive  load  the  curves  ot 
current  and  E.M.F.  were  again  quite  altered  (su  Fig.  23).  In  this 
diagram  we  see  distinctlj  the  "  lag  "  of  the  current  due  to  the 
inductuioe  of  the  oirouit,  and  also  the  way  in  which  the  induct- 
ance of  the  circuit  smooths  out  the  ripples  on  the  E.M.F.  cuirs^ 
and  gives  a  current  curve  not  very  far  from  ainoidaL 


Fia    23. — Eleotromotive  Forca  (firm  line)  Curve,  wid  Current  Ctm* 
(dotted)  ot  Alteroalor  shown  in  Fig.  20,  nhen  working  on  luduatnt 


For  an  alternator  with  a  field  and  armature  not  unlike  a 
Siemens  alternator,  Mr.  Lewis  found  an  E.U.F.  curve  vaj 
oloeely  sinoidal  in  form  (see  Fig.  24). 

Dr.  0.  Friilich  has  worked  out  a  very  ingenious  form  of 
apparatus,  b;  loeans  of  which  a  more  or  less  approximate 
optical  reproduction  of  the  form  of  a  current  curve  can  be 
obtained  and  viewed  at  one  glance.  The  principle  of  the 
apparatus  is  as  follows  : — A  ray  of  light  from  an  electric  lamp 
Is  fooussed   by  means  of  lenses,  and  reflected  from  a  small 
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BiWered  minor  which  ia  affixed  to  k  telephone  diftpbngm 
eoceotrioally — 4h&t  ia,  somewhere  between  the  oentre  and  the 
edge  of  the  diaphragm.  The  ray  is  lefieoted  back  on  to  a 
rerolving  cjlinder  covered  with  Tertioal  faoeta  of  ulvered  glass, 
and  thenoe  on  to  a  screen,  forming  a  apot  of  light.  If  a 
periodic  onrrent  ia  aent  throngh  the  telephone,  it  eanses  the 
diaphragm  to  bulge  in  and  out,  and  displaces  the  small  mirror 
on  it  angularly,  and  thus  defleote  the  ray  of  light  up  ax  down. 


PlO.  24. — EteetromoUve  Force  Curte  of  Alt«m»tor  ot  Sremene  l^^ps. 

If  the  polygonal  mirror  rotates  on  an  axis  lying  in  the  plane 
of  the  displaoement  of  this  ray,  and  if,  moreover,  ita  speed  of 
rotation  is  so  controlled  that  it  revolves  through  suoh  an  angle 
dming  each  vibration  of  the  diaphragm  as  will  suffice  to  bring 
each  sevcdving  facet  of  its  surface  auocessively  to  be  the  re- 
fleeting  surface  for  the  ray,  theo  a  stationary  optical  wave  is 
formed  by  the  rapidly-moving  apot  of  light.  Henoe,  apart 
&om  oscillations  due  to  the  mitural  period  of  oscillations  of 
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the  diftphragm,  and  aaauming  that  the  telephone  diaphiagnk 
vlbratea  in  extent  and  manner  bo  aa  to  imitate  exactly  tha 
changes  of  current  strength  in  its  ooils,  we  get  an  optical 
reproduction  of  the  form  of  the  periodio  current  sent  through 


Fia.2S. 

the  telephone.  If,  for  instance,  a  constant  KU.F.  bota  a 
batteiy  is  applied  through  an  iuduotive  resistance,  and  then 
removed,  we  get  the  current  curve,  shown  In  Fig.  25,  repro- 
duced upon  the  screen.     This  shows  the  gradual  rise  of  current 


■trength,  and  retardation  due  to  induotanoe.  The  ripplee  on 
the  carve  are  merely  disturbanoee  produced  by  the  natural 
penod  of  vibration  of  the  diaphn^m. 


The  ourre  in  Fig.  26  was  obtained  by  passing  (he  oorrenfe 
from  a  small  Siemens  alternator  through  tbe  telepb<me.  In 
this  case  the  armature  possessed  no  iron  core.    With  an  iron- 
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cored  annattm  the  current  ourre  waa  w  ahown  in  Fig.  37,  in 
which  diatortitm  and  change  of  t<am  fonn  a  aimple  nne  curve 
is  Been.  Fig.  28  ahows  cunrea  obtained  with  and  without 
aelf-induotton  in  the  circuit  of  the  alternator.  This  optical 
method  of  reproducing  periodic  current  ourrea  was  exhibited 
&r8t  at  the  Frankfort  Electrical  Exhibition  of  1891  (see  The 
Bleetndan,  Vol.  XXVIII.,  p.  60),  and  may  bo  probably 
developed  into  a  very  useful  and  important  method  of  invea- 
tigation. 


Eto.S8. 

§  6.  Discossioa  of  the  Transformer  Diacrama. — Referring  to 
the  indicator  diagrams  of  the  small  Westinghouae  tranafonner 
in  preceding  aeotiona,  we  aee  that  the  following  inferences  are 
dedudble  from  them,  considering  them  as  typi(»l : — 

(i.)  The  curve  of  primary  impreeaed  E.M.F.  is  her^  at  any 
rate  approximately,  a  simple  periodic  curve. 

(iL)  When  the  transformer  has  ita  aeoondary  circuit  open, 
the  curve  of  secondary  RM.F.  is  exactly  oppoeed  to  in  phaae, 
or  differs  in  phase  by  180deg.  from  the  primary  E.M.F.,  and 
ia  also  approximately  sinoidal. 

(iii.)  The  curve  of  magnetio  induction  lags  behind  the  curve 
of  impreBsed  primary  E.M.F.  by  about  90deg.,  or  a  quarter  of  a 
wave  length.  We  may  here  note  that  the  la^  of  the  curves 
relatively  to  one  another  muat  be  measured  by  the  relatin 
position  of  the  zero  pointa  of  the  curves  or  poutiona  at  whioh 
the  curvea  cut  the  horizontal  line  or  axia  of  time.  The  curve 
of  induction  for  open  aecondary  circuit  ia  not,  and  cannot  be;  a 
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flimple  sine  ourve,  because  otherwise  it  would  follow  that  the 
curve  of  primary  current  in  open  secondary  circuit  would  be 
a  simple  periodic  curve  also,  but  it  is  not  so. 

(iv.)  The  curve  of  primaiy  current  for  open  secondaiy 
circuit,  or  the  magnetising  current  commonly  so  called,  is 
always  an  irregular  and  unsymmetrical  curve.  If  the  magneti- 
4ation  is  carried  up  over  the  "  knee  "  of  the  magnetising  cur^ 
the  current  curve  may  run  up  into  a  sharp  peak,  as  in  Fig.  29* 
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Fio.  29.— The  Electromotive  Force  Curve,  and  the  Current  Curve  of 
the  Primary  Circuit  (open  secondary)  of  a  Tranaformer,  when  the  Mag- 
netisation  ia  carried  up  over  the  "Knee"  of  the  Magnetisation  Curve. 

As  the  load  on  the  secondary  circuit  is  increased  this  irregu- 
larity decreases,  and  the  curve  of  primary  current  at  full  load 
approximates  to  a  simple  periodic  curve.  As  the  secondaiy 
current  increases  the  primary  current  is  brought  forward 
more  into  synchronism  with  the  primary  E.M.F.,  but  never 
quite  gets  into  step  with  it.  At  the  same  time,  the 
secondary  E.M.F.  curve  lags  a  little  as  the  secondary  load 
increases,   because  the  phase  of  the  induction  through  the 
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leoondaiy  is  delayed  behind  that  through  the  primary  by 
reason  of  the  magnetic  leakage  out  of  the  core.  In  the  limits 
at  full  load  the  primary  current  comes  into  almost  exact- 
opposition  to  the  secondary  E.M.F.  (see  Figs.  30  and  31),  and 
hence  when  the  secondary  circuit  is  approximately  non-inductive 
into  almost  exact  opposition  as  regards  phase  to  the  secondary 
current. 

(▼.)  The  magnetic  leakage  exercises  a  disturbing  effect  upon 
the  shape  of  the  curve  of  secondary  KM.F.,  making  it 
unsymmetrical  in  shape. 

This  is  well  shown  by  some  further  experiments  of  Prof.  H, 
J.  Ryan,*  in  which  a  small  ring  core  transformer  was  purposely 
badly  designed,  the  secondary  being  wound  all  on  one  side,  and 
the  primary  all  on  the  other,  and  the  resulting  magnetic  leakage 
makes  itself  evident  in  the  curves  as  shown  in  Figs.  30  and  31, 
in  the  lagging  and  distortion  of  the  curve  of  secondary  E.M.F. 
This  transformer  exhibited  in  an  exaggerated  form  the  defects 
present  in  most  commercial  transformers.  Further  experiments 
by  Mr.  L.  B.  Marks,  with  this  model  transformer  in  the  Cornell 

*  University  Laboratory,  are  very  instructive.  The  iron  core 
consisted  of  nine  well-rusted  iron  rings  1*1  centimetres  in  cross 

.  section  diameter,  and  of  a  mean  diameter  across  the  ring  of  17 
centimetres.  The  primary  circuit  wound  on  this  core  consisted  of 
600  turns  of  bare  copper  wire,  No.  18,  insulated  with  asbestos 
paper.  The  primary  circuit  resistance  was  1*65  ohms.  The 
secondary  circuit  had  155  turns  and  a  resistance  of  0*71  ohoL 
The  maximum  induction  density  was  not  raised  above  3,000 
C.-0.-S.  (lines  per  square  centimetre)  in  these  experiments. 

Figs.  30  and  31  show  the  diagrams  taken  with  open  secondary 
circuit,  and  with  secondary  circuit  closed  so  as  to  create  a 
secondary  current.  The  secondary  E.M.F.  curve  is  seen  to 
become  more  symmetrical  under  load,  but  at  the  same  time  its 
fnftTimiim  ordinate  diminishes.  So  that  whilst  the  ratio  of  the 
turns  of  primary  to  secondary  turns  in  this  transformer  was  3:2, 
the  ratio  of  primary  to  secondary  KM.F.  varied  between  no 
load  and  full  load  from  4  : 1  to  8 : 1.  This  shows  clearly  that 
it  is  only  in  transformers  with  negligible  magnetic  leakage 
and  in  which  the  whole  of  the  induction  through  the  primary 


>  ■■w"-- 


*  JSUetrieal  Review  cfSew  York,  YoL  XYI.,  p.  9,  July  6,  189a 
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FIQ.  80.— ElectromotiTe  Force  Gnnre,  and  Carrent  Cnrre  of  badly  dedgned  Jtfi^ 
Core  lYansfonner  with  mooh  Magnetic  Leakage,  ebowing  the  Distortion  of  the 
Beoondarjr  Eleotromotiye  Force  Curve.    Open  Secondary  Circuit. 


140 


Ito.  SL^Dlagrams  of  the  eame  l^anif ormer  with  Magnetio  iMAige.  8ooinid«7 
IDeotromotiTe  Force  Carre  leas  distorted.  la  this  case  the  Seoondaiy  Cboqit  was 
closed  and  foil  coirent  sent. 
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traTenes  the  seoondary,  that  we  can  assume  the  primaxy  and 
MCdndary  KM.F.8  are  in  the  ratio  of  the  number  of  the  con- 
Tolutions;of  the  circuits. 

§  6.  EzperimentB  on  the  Iron  Gore  LoBBea — ^Mr.  Marka 
also  made  experiments  with  this  same  model  transformer  when 
raised  to  different  temperatures,  and  from  these  experiments 
deduced  the  following  table  of  results  : — 

Primary  volts  ( '^mean') = 90. 


The  tempera- 
ture of  the 
transformw 
core. 

The  loss  in 

the  core,  or  the 

iron-lofle,  in 

watts. 

Power  given  to 

primary  circuit 

in  watts. 

Power  given  out  by 

the  secondary 

circuit  in  watts. 

97" -50. 

300'C. 

270^0. 

99'C. 

270*0. 

122 
72 
79 

117 
80 

122 

72 

79 

141 

116 

0 

0 

0 

24 

36 

This  table  is  to  be  understood  as  follows : — When  the  secon- 
dary circuit  was  open,  the  primary  took  up  122  watts,  and  the 
core  came  to  a  temperature  of  97''*5C.  due  to  hysteresis  and 
eddy  currents.     On  raising  the  core  by  external  heat  to  300**C. 
it  was  found  that  the  energy  absorbed  by  the  primaxy  circuit 
diminished  to  72  watts.     Furthermore,  it  is  seen  that  loss  in 
the  core  is  practically  independent  of  the  secondary  output. 
These  figures  indicate  that  the  loss  is  largely  due  to  eddy 
currents,  and  that  rise  of  temperature  by  decreasing  the  elec- 
trical conductivity  of  the  iron,  decreases  the  loss  due  to  the 
eddy  currents.     By  experiments  on  a  cast-iron  ring  made  in  the 
Cornell  Uniyersity  laboratory,  Mr.  A.  Herschel  found  that  for 
induction  densities  below  2,000  lines  per  square  centimetre,  a 
variation  of  temperature  between  21*'C.  and  360*'C.  made  no 
sensible  change  in  the  hysteresis  loss.     Whereas  above  such  in- 
duction density  it  did  affect  it.    Hence,  if  wrought  iron  behaves 
in  the  same  way,  the  diminution  in  energy  loss  in  the  iron  core 
with  rise  of  temperature  in  Mr.  Marks'  experiments  must  have 
been  wholly  due  to  a  decrease  of  eddy  current  loss.     In  a  well- 
designed  transformer  with  sufficient  and  proper  lamination,  eddy 
current  Ices  might  be  made  very  small.    This  would  be  shown 
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by  the  diagram  of  magnetising  current  and  magnetic  induction 
for  one  complete  cycle,  practically  coinciding  with  Ewing^» 
determination  of  the  curre  of  static  hysteresis  for  the  same 
range  of  induction.  If  eddy  currents  are  present  in  large 
degree  then  the  closed  ounre  /idB,  where  t« magnetising; 
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current  in  amperesi  and  B  •  total  magnetic  induction  in  the  coie^ 
lies  outside  o(  and  includes  a  greater  area  than  the  true  hyster- 
esis area.  In  Fig.  32  is  shown  a  pair  of  areas,  the  outer  curre 
is  the/t  d  B  eunre  for  a  solid  cast-iron  ring,  8*6  centimetres  in 
mean  diameter,  and  2*7  square  centimetres  in  cross-section  womid  • 
oTer  with  200  turns  of  wire  of  negligible  resistance  (;/)  195). 
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The  inner  ourve  in  Fig.  32  is  the  Ewing  curve  of  static  hyster- 
esis for  the  same  ring.  On  the  assumption  that  the  true 
hysteresis  loss  is  constant  for  all  loads  then  the  difference  of 
these  areas  represents  the  work  lost  in  eddy  currents  in  the 
ring. 


Core  made  of 

wire  of 

B.  k  S.  G. 

Gauge. 

Area  of 
cross- 

section  of 
coils  in 

sq.  cms. 

Periodicity. 

Induction 

per  sq.  cm. 

in  core. 

i 

Loss  in 
watts  per 
cubic  cm. 

of  core. 

1 12 

2 12 

3 12 

4 16 

5 16 

6 16 

7 16 

8 16 

9. 16 

10 24 

11 24 

12 36 

13 36 

14 36 

15 36 

16 36 

17 36 

18 36 

5 

5 

5 

4-9 

4-9 

4-9 

4-9 

4-9 

4^9 

3-56 

3-56 

314 

314 

314 

314 

314 

314 

2-7 

169 
177 
177 
173 
175 
167 
;          93 
!          92 

;       45 

175 

53 

173 

173 

173 

96 

92 

47 

160 

5,300 

8,560 
11,130       • 

6,000 

9,430 
10,930 

7,250 
13,360 
13,000 

8,150 

8,750 

9,200 
14,900 
18,000  app. 
10,700 
17,800 
18,000  app. 

4,920 

•18 
•46 
•75 
•14 
•33 
•43 
•10 
•41 
•10 
•19 
•12 
•16 
•29 
•48 
•15 
•33 
•13 
•05 

It  is  an  important  matter  to  determine  in  the  case  of  any 
given  core  the  relative  amount  of  energy  dissipated  hy  hyster- 
esis and  by  eddy  currents.  Messrs.  Fortenbaugh  and  Sawyer, 
of  Cornell  University,  have  made  a  determination  of  the 
amounts  of  energy  dissipated  by  cores  of  iron  wire  of  different 
gauge,  when  working  at  different  degrees  of  magnetisation  and 
different  periodicities.  The  iron  wire  was  simply  rusted  for 
insulation.  Four  iron  wire  rings  were  made  of  a  mean  dia- 
meter of  8^9  centimetres  and  respectively  of  gauges  No.  12, 
16,  24,  and  36  (Brown  and  Sharps  gauge),*  and  these  were 
wound  over  with  200  turns  of  insulated  copper  wire  of  neg- 
ligible resistance.    The  above  table  gives  the  relative  loss  in 

*  The  equivalents  of  these  gauges  in  decimals  of  an  inch  are :  12  s  "OBOBl ; 
16«-060e2;  24==-0201;  36=s-005. 

II 


482      THK   OONSTRUOnON   AND  ACTION   OF   TRANSFORMEBfl. 


these  cores  when  magnetising  currents  were  sent  tfaroa|ph 
the  coils.  The  diagram  in'  Fig.'  33  shows  the  losses  in  tfasM 
iron  cores  plotted  in  terms  of  the  induction'  for  each  gsugo, 
periodidtj  being  the  same,  vis.,  about  175  Oo.  The  poxe 
static  hysteresis  curve  of  soft  iron  is  given  in  Fig.  '34,  in  itkmh 
the  loss  in  efgs  peif'  cubic  centimetre  for  slowlyperformed 
cycles  is  given  in  terms  of  the  induction.  The  results  fortlM 
iron  wire  rings  show,  on  account  of  the  presence  of  eddy 
currents  in  the  case  of  the  larger  gauges,  a  loss  varyiBg 
as    the  square    of    the    periodicity  and    as    the    square  of 
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the  magnetisation.  In  the  case  of  the  core  of  No.  36  wire 
eddy  current  loss  is  nearly  absent,  and  the  curve  dififers  little 
from  Ewing's  curve  of  static  hysteresis  for  moderately-s<rft 
wrought  iron.  For  the  cores  of  Nos.  36,  24,  and  16  sizes,  there 
is  little  difference  in  the  loss  below  4,000  lines  per  square  centi- 
metre. At  the  higher  degrees  of  magnetisation  for  the  finest 
iron  wire,  the  loss  is  proportional  to  the  induction  density,  or  to 
the  magnetisation ;  but  for  the  coarser  wire  cores  the  loss  vanss 
as  the  square  of  the  induction.  Rise  of  temperature  decreases 
the  electric  conductivity  of  iron  by  about  '4  per  cent,  per  degree 
Centigrade  at  moderate  temperatures.     Hence,-  at  constant 


THB  OONSTBiranON  AND  ACTION   OF  TRANSFORMSBS.       483 

flUlgnatisation,  the  eddy  current  strength,  and  hence  eddy 
ou^rrent  loss,  must  diminish  with  rise  of  temperature.  In  cores, 
therefore,  in  which  eddy  current  loss  is  predominant,  the 
increase  of  temperature  brought  about  by  the  ificreased  copper 
loaws.  at  high  loads  may,  perhaps,  be  the  means  of  decreasing 
1>he  total  loss  in  the  iron,  which  some  obseryen  haTe  apparently 
noled.  In  the  experiments  of  Mr.  Marks,  with,  the  model 
transformer,  referred  to  on  page  477,  we  see  that  if  we  allow  20 
watts  for  pure  hysteresis  loss,  which  is  a  liberal  allowance,  the 
balance  of  the  loss  in  the  core,  at  about  270*'C.  and  lOO'C. 
respectiYely,  will  be  79  -  20  watts  and  122-20  watts,  or  about 
60  and  100  watts,  at  temperatures  differing  by  170'*C.  This 
IB  equivalent  to  a  decrease  of  loss  of  40  watts  for  170deg. 
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rise  of  temperature.  Hence  the  loss  is  decreased  by  Itbout  a 
quarter  of  a  watt  per  degree,  and  this  is  roughly  about  *4  per 
oent  of  60.  Thus,  if  Prof.  Swing's  experiments  above  quoted 
indicate  that  the  pure  hysteresis  loss  in  a  transformer  core  is 
oonstant  for  all  loads  on  the  secondary,  this  by  no  means 
oxdudes  us  from  belieying  that  in  some  types  of  transformer 
core  the  total  iron  loss  may,  under  the  same  circumstances,  be 
diminished. 

There  remains  to  be  considered  the  question  of  the  relative 
loss  in  the  same  core  at  different  frequencies.  Mr.  Mbrdey, 
in  1889,  made  some  experiments  in  which  he  worked  tho  same 
transformer  at  different  frequencies,  and  kept  it  so  working 
until  it  cante  to  a  constant  temperature,  and  he  plotted  the 

II  2 
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results  on  a  diagram  shown  in  Fig.  35.  From  these  it  is  seen 
that  the  transformer  came  after  six  or  seven  hours  to  a  constant 
temperature  ;  and  that  the  temperature,  corresponding  to  a 
frequency  of  100,  was  less  than  those  corresponding  to 
frequencies  of  75  or  125.  The  higher  temperature  at  the 
higher  frequency  is  the  natural  result  of  the  increase  of 
the  eddy  current  loss.  The  increase  of  temperature  corres- 
ponding to  the  lowered  frequency  may  be  due  to  the  fact 
that  at  lower  frequencies  the  eddy  currents  penetrate  further 
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Fro.  35. — Mordey's  Curve  of  Transformer  Temperatures  at  various 

frequencies. 


into  the  iron.  It  must  be  remembered  that  just  as  alter- 
nating KM.F.8  create  a  tendency  in  electric  currents  to  keep 
to  the  surface  of  their  conductors,  so  alternating  magneto- 
motiTe  forces  create  a  tendency  in  the  magnetic  induction  to 
keep  to  the  surface  of  the  iron.  In  the  one  case  there  is  a 
want  of  penetration  in  the  current  below  the  surface  layers, 
and  in  the  other  case  a  similar  behaviour  in  the  magnetism.  It 
cannot  be  said,  however,  that  there  is  any  absolutely  best  speed 
of  alternation.  In  each  case  the  most  economical  frequency 
must  be  decided  by  many  circumstances  and  by  experiment. 
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§  7.  The  Fre-Determination  of  Eddy  OnrrentB  Loss. — It  is 
necessary  at  this  stage  to  examine  a  little  more  closely  into 
the  amount  of  the  eddy  current  loss  in  the  iron  cores  of  trans- 
formers of  different  kinds.  In  certain  simple  cases  it  is  easy 
to  calculate  this  loss  approximately.  We  shall  proceed  to 
calculate  the  eddy  current  loss  in  a  core  made  of  round  iron 
wire. 

Imagine  a  core  made  of  a  bundle  of  round  iron  wire  and 
wrapped  over  with  a  magnetising  coil,  and  let  a  periodic  mag- 
netising current  flow  in  this  coil  so  that  a  simple  periodic 
magnetic  induction  exists  in  the  iron,  the  lines  of  induction 
being  parallel  with  the  direction  of  the  wires.    Let  b  be  the 


FiQ.  36. 

mean  induction  density  in  the  core  at  any  time  f,  and  let  B 
be  its  maximum  value ;  also  let 

ft-Bsinp* (1), 

where  p'^2v  times  the  frequency  n,  as  usual.  Consider  the 
eddy  current  loss  in  one  centimetre  length  of  one  wire.  Th« 
lines  of  flow  of  the  eddy  currents  in  the  wire  are  circles  con 
centric  with  the  perimeter  of  the  wire.  Let  the  circle  in 
Fig.  36  represent  the  cross  section  of  the  round  wire  of  radius 
r.  Take  two  concentric  circles  of  radius  p  and  p  +  8p,  and  fix 
attention  upon  the  eddy  current  flowing  in  this  elementary 
ring.  The  total  induction  through  the  cylinder  at  any  instant 
ia  vp^b,  and  the  rate  of  change  of  this  induction  is  the 
measure  of  the  instantaneous  electromotive  force  acting  round 
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the    elementary  cylinder.      Call  this  inBtantaneoos  electi^ 
motive  force  «,  hence 

ft  h 

e  =  7rffi  j-.=7rp^BpcoBpt (2). 

a  t 

Therefore, 

e^^ir^ p*p'^  B^  006^ pt (3). 

If  c  is  the  conductivity  at  zero  Centigrade  per  cubic  centi- 
metre  of  soft  wrought  iron,*  then  if  B  is  the  electrical 
resistance  of  this  elementary  cylinder, 

Let  the  instantaneous  rate  of  dissipation  of  energy  in  watts 
in  this  elementary  cylinder  be  denoted  by  6  w^  and  then 

8w=-g-«2ir«cB«n«p»8pcos«^U0-"  .     (5). 

To  find  the  loss  over  the  whole  cross  section  of  the  wire,  we 
have  to  integrate  (5)  between  the  limits  p»o  and  p>er,  and 
to  find  the  mean  or  average  loss  W,  we  have  to  take  the 
average  value  of  cos^  p  t  over  a  period,  or  to  integrate  during 
a  complete  cycle  of  values  of  the  induction.  The  average 
value  of  cos^  pt  for  equal  small  intervals  of  time  during 
the  full  period  is  easily  shown  to  be  equal  to  }. 

Hence  we  have 

W-lli^I^lO-"     ....    (6). 

This  is  the  loss  in  watts  for  one  centimetre  length  of  the  wire. 
Hence  the  loss  in  watts  per  cubic  centimetre  of  the  core  is 
obtained  by  dividing  (6)  by  the  volume  of  one  centimetre  length 

*  In  Dr.  J.  Hopkinson's  Paper  on  the  Magnetisation  of  Iron  {PhtL  Tram*, 
Roy.  Soc.  Part  II.  1885,  page  463)  will  be  found  a  valuable  table  of  the 
magnetic  and  electric  properties  of  yarious  iron  alloys,  and  in  particular 
the  specific  electric  resistance  of  each  kind  of  iron  is  given.  The  specifie 
conductiTity  of  the  purest  annealed  wrought  iron  per  cubic  centimetre 
at  0**C.  being  102,000  units,  that  of  grey  cast  iron  is  only  9,469  units,  that  it 
to  say  the  specific  resistance  of  the  softest  and  purest  wrought  iron  being 
•000009638  ohms  at  0*C.,  that  of  grey  cast  iron  is  "0001056  ohms  at  O^Q. 
The  coefficient  of  variation  of  resistance  with  temperature  of  pure  iron  being 
'365  per  cent  per  degree  Centigrade,  and  that  of  cast  iron  only  *085  per 
cent,  per  degree. 


I  _ 


THB  OONBTBUOnON  AKD  AOnON  OF  TRANSFORMBBS.       487 

of  the  iron  wire,  which  18  IT  r*.     Call  this  loss  T.    Also  let  c{  be 
the  diameter  of  the  wire  in  centimetres,  then  2  r^dL 
Therefore  we  have 

Y  =  ^(f2B2n2  10-i«    ....     (7). 

The  yalae  of  c  *  is  not  far  from  0*102  x  10^,  and  ir^  e  is  there- 
fore nearly  10^.  It  is  often  more  convenient  to  reckon  the 
diameter  of  the  iron  wire  in  mils  (one  mil  a  ^OOl  inch),  because 
then  it  can  be  immediately  taken  from  the  tables  of  wire  sizes. 
Bat  1  centimetre  =  400  mils  nearly. 
Hence  we  have,  finally, 

Y--4(?B2nnO-i«-^i|j^)'     .     .     (8). 

10" 

This  equation  (8)  gives  us  the  loss  in  watts  per  cubic  centimetre 
of  a  round  iron  wire  core  due  to  eddy  currents.  Such  core 
being  made  up  of  round  iron  wire  of  a  diameter  d  mils  and 
subjected  to  magnetisation  of  which  the  maximum  induction 
density  is  B,  and  the  frequency  of  alternation  n.  If  the  diameter 
of  the  wire  is  measured  in  millimetres,  then  for  the  loss  per 
cubic  centimetre  we  have  the  expression 

Y-  ^!^J3* 
"  4  X  101"* 

Hence  the  value  of  Y  is 

(dn  B  Y    when  d  is  measured 
4x10*/  ^  centimetres. 

dn  B  Y    when  d  is  measured 
4  X  lOV  ^^  millimetres. 


Y 


( 

•4  (i^\ 

\  10»  / 


when  d  is  measured 
in  mils. 


Y  in  all  cases  being  the  loss  in  watts  per  cubic  centimetre  of 

the  core. 

The  above  formulsB  must  not,  however,  be  indiscriminately 
applied.  They  are  not  true,  for  instance,  for  solid  rods  or  rings 
of  iron  when  the  frequency  is  considerable,  say  300  ^,  and 
the  diameter  of  the  rod  or  ring  anything  much  above  one  or 
two  millimetres.     The  reason  for  this  is  because  the  eddy 


*6  ifl  the  reciprocal  of  the  renstanoe  in  ohnui  at  aero  Centigrade  of  one 
cubic  centimetre  of  iron  between  two  opposite  faces. 
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ourrents  then  mostly  circulate  in  the  skin  or  outer  layers 
of  the  iron.  The  magnetic  induction  does  not  penetrate  into 
the  whole  mass,  but  is  more  or  less  confined  to  the  surface. 
Hence,  not  all  the  iron  is  the  seat  of  eddy  currents,  and  a 
calculation  made  by  these  formulae  would  give  a  number  for 
the  eddy  current  waste  in  excess  of  the  truth.  The  formulse 
can,  however,  be  applied  to  cases  in  which  moderate  ire- 
quencies  less  than  200  are  employed,  and  to  cases  in  which 
the  iron  is  as  much  laminated  or  as  much  subdivided  as  is 
usually  the  case  in  transformer  cores. 

Since  the  conductivity  of  iron,  c  diminishes  with  rise  of 
temperature— about  '4  per  cent,  per  degree  Centigrade.  It  is 
obvious  that  a  rise  of  temperature  from  O"*  to  100**  Centigrade 


•nX 
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will  diminish  the  eddy  current  loss  by  40  per  cent,  in  any 
given  core. 

Let  us  compare  the  results  of  the  formulae  (8)  with  the  table 
of  observed  losses  in  iron  wire  cores  as  given  on  page  481. 
Take  the  case  of  the  wire  core  made  of  No.  12  wire.  The 
diameter  of  the  wire  d,  is  80  mils,  the  maximum  induction 
density  B  is  5,300,  the  frequency  n  is  170.  The  loss  per  cubic 
centimetre  by  equation  (8)  is,  therefore, 

(2x80x170x5,300)2     ^^      ..  ,.         ^.     ^ 

.V — I L  B  -20  watt  per  cubic  centimetre. 

1017 

Suppose  the  ring  core  came  to  a  temperature  of  20"  Centi- 
grade. We  have  then  to  reduce  this  *20  by  10  per  cent. 
The  actually  observed  loss  was  *18  watt  per  cubic  centimetre. 
Hence,  the  results  of  calculations  by  this  formula  agree  very 
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'well  with  those  of  observation.  We  can  also  calculate  approxi- 
mately the  eddy  current  loss  in  a  core  made  up  of  iron  bands 
or  strips  such  as  those  in  the  core  of  a  Ferranti  transformer. 
Let  the  lines  of  induction  bo  parallel  with  the  length  of  the 
band.  Consider  one  centimetre  in  length  of  a  band,  of  thick- 
ness X  and  depth  or  width  mX.  The  rectangle  in  Fig.  37  is 
the  cross-section  of  the  band.  We  do  not  know  the  exact  form 
of  the  stream  lines;  but  we  may,  as  an  approximation,  consider 
that  the  rectangle  is  divided  into  a  number  of  similar  con- 
centric rectangles,  and  that  the  eddy  currents  flow  round  these 
lines.  Consider  an  adjacent  pair  of  rectangles  of  sides  x  and 
x  +  8x,  and  calculate  the  eddy  current  loss  in  this  elementaiy 
rectangular  tube. 

As  before,  let  the  induction  density  at  any  instant  be  h, 
and  let  &  =  B  sin  p  t. 

Then  e=^mx^BpcoBpt (9), 

and  ^  =  m^it^B^p^cos^pt   .    .    .       (10). 

Also  the  resistance  of  the  rectangular  tube  round  the  rect- 
angle is  ^  ^ 

cmox      cox     cox\    m    / 

Hence  the  loss  in  watts  S  ur  at  any  instant  in  this  element  of 
the  one  centimetre  length  of  the  band  is  given  by 

8M;  =  ^i "^ —  osaajBV  cosS/) «.  10-i«  .  (12). 

R     2(m2H.l)  ^         i  \     1 

Integrating  from  a; »  0  to  a; «  X,  and  taking  the  mean  value  of 
oos^  p  t  into  account  we  find  the  total  average  loss  in  watts 
in  the  one  centimetre  length  of  the  band  is 


2(w2h-1)4  2 

X^B^nMO-w  ....  (13); 


cw^te^ 


4(m2  +  l) 
and  the  loss  in  watts  per  cubic  centimetre  of  the  band  is  T, 

where  Y  — ?4^  ^  B^  n^  10-i«. 

4(wi2  +  l) 

If  the  thickness  X  is  measured  in  mils  then  we  have 

64  (w^  +  l) 
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There  b  a  probability  that  this  equation  gives  us  a  rather 
too  great  value  for  the  eddy  current  loss  density.  It  is  obvious 
that  the  eddy  current  loss  density  should  be  about  the  same 
for  a  round  wire  as  for  a  square  wire  of  equal  cross  section. 
This  will  be  the  case  if  we  take  the  numerical  co-efficient  in 

equation  (14)  as  unity  instead  of  ■_— ,  and  take,  as  the  ez- 

64 

pression  of  the  loss  in  watts  per  unit  volume  of  a  rectangular 
sectioned  strip,  the  value 


Y  = 


m 


2 


X8  B«  n«  10-i« 


(15). 


m*H-l 

If  the  strip  is  very  wide  compared  with  its  thickness  then  the- 
above  becomes  Y^X^B'^  n«  10-i«      ....     (16). 

X  being  the  thickness  of  the  strip  in  mils,  B  the  maximum 
inductive  density,  n  the  frequency,  and  Y  the  loss  in  watts  per 
cubic  centimetre  of  the  core  made  up  of  the  strip.  A  con- 
firmation of  the  closely  approximate  truth  of  the  formula  will 
be  given  presently. 

If  B  is  measured  in  gausses,  or  in  units  such  that  10®  C.-G.-S. 
units  make  one  gatiss,  then  if  B^  is  the  maximum  induction  in 
such  units  the  eddy  current  loss  Y  per  cubic  centimetre  of  the 
core  is  expressed  by  the  following  exceedingly  simple  formula, 

Y^iXnB^y (17) 

for  a  core  made  up  of  strip  X  mils  in  thickness  and  for  a 
frequency  n. 

It  may  be  convenient  to  append  a  table  calculated  from 
equation  (8)  for  the  loss  in  iron  wire  cores. 

Table  of  Eddy  Current  Loss  in  Bound  Iron  Wire  Cores  in 
microwatts  per  cubic  centimetre^  reckoned  at  G*  Centigrade,  For 
a  frequency  oo  of  100. 


Induction 

Diameter  of  the  wires  in  nearest  B.W.G.  number  and  in  mils. 

doisity  B. 

10  mils 
Ko.  34 

*  20  mils 
No.  26 

30  TTiilfl 
No.  22 

36  mils 
No.  20 

50  mils 
No.  18 

1,000 
2,000 
3,000 
4,000 
5,000 

40 

160 

360 

640 

1,000 

•   160 
640 
1,440 
2,560 
4,000 

360 
1,440 
3,240 
5,760 
9,000 

518 

2,072 

4,662 

8,288 

12,950 

1,000 

4,000 

9,000 

16,000 

25,000 
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In  applying  this  table  in  praotioe,  a  oorreotion  must  be  made 
for  temperature,  by  reducing  the  above  numbers  '4  per  cent, 
for  every  degree  Centigrade  above  zero,  by  which  the  core  in 
its  stationary  temperature  is  heated. 

§  8.  Hysteresis  Loss  in  Gores.  Steinmetz's  Law. — ^The 
hysteretic  loss  in  the  iron  cores  co-exists  with  that  due  to  eddy 
currents,  and  is  generally  much  the  larger  of  the  two.  It  has 
been  found  possible  to  express  both  of  these  losses  as  functions 
of  the  induction  density.  Mr.  C.  P.  Steinmetz  has  carried  out 
some  lengthy  investigations  on  the  eddy  and  hysteretic  loss  in 
iron  cores.*^  He  has  found  a  very  simple  empirical  law,  con- 
necting the  hysteretic  loss  in  iron  cores  with  the  maximum 
induction  density  during  the  cycle.  This  is  expressed  as 
follows : 

Let  h  stand  for  the  loss  in  ergs  in  an  iron  core  per  cubic 
centimetre  per  cycle  of  magnetic  force.  That  is,  the  energy 
dissipated  in  making  one  complete  magnetic  reversal  and  back 
is  h  ergs  per  cubic  centimetre. 

Then,  according  to  Steinmetz, 

A^iyBi-* (18) 

where  17  is  a  constant,  called  the  hysteretic  constant,  varying 
between  '002  and  '005  for  ordinary  transformer  cores,  and  B 
is  the  maximum  value  of  the  magnetic  induction  density 
during  the  cycle.  Taking  Swing's  figures  for  the  hysteretic 
loss  in  a  soft  iron  wire,  Steinmetz  shows  that  over  a  range 
from  B»  2,000  to  B»  15,600,  the  above  law  holds  good, 
and  that  Swing's  values  can  be  expressed  by  the  formula 
A  a -002  B^'^  He  finds  that  the  law  is  also  true  not  only  for 
slowly  performed  cycles,  but  for  cycles  at  the  rate  of  100  or 
200  per  second,  and  that  for  such  usual  commercial  fre- 
quencies, and  for  fairly  good  soft  iron  cores,  the  law  may  be 

stated  that 

h^TinBi^'^ (19). 

If  H  is  the  loss  in  watts  per  cubic  centimetre  of  the  core,  then 

H«^nB^«10-7 (20). 

*  See  Electrician,  February  12th,  19th,  and  26th,  1892,  p.  385,  VoL 
XXVIII.  See  also  Journal  of  the  American  Intiitute  of  BUctrical 
Engineers,  January  19,  1892. 


.J 
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Mr.  Steinmetz  has  ascertained  the  values  of  this  hysteretic 
constant  17  for  different  kinds  of  iron  and  cores,  and  they  are  as 
follow : — 

Hysteretic  Constants  for  Different  Materials, 


MateriaL 

Hysteretic 
constant 

Material. 

• 

Hysteretic 
constant 

Veiy  soft  iron  wire 

Very  thin  soCt  sheet  iron 
Thin  good  sheet  iron  ... 
Thick  sheet  iron 

•002 

•0024 

•003 

•0033 

•004  or 

•0046 

Soft  annealed  cast  steel 

Soft  machine  steel 

Cast  steel 

•008 

•0094 

•0120 

Cast  iron 

•0162 

Most  ordinary  sheet  iron 
transformer  cores 

Hardened  cast  steel .... 

•025 

There  is  some  evidence  to  show  that  the  values  of  ^  are 
increased  by  increasing  the  frequency  of  the  reversals. 
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Fig.  38. 

The  close  coincidence  of  the  results  of  calculation  by  this 
empirical  law  with  the  results  of  observation  are  shown  in  the 
curve  in  Fig.  38,  in  which  the  results  of  Swing's  determinationB 
of  hysteretic  loss  for  slowly  performed  cycles  are  marked  with 
crosses,  and  the  curve  is  drawn  in  from  the  equation  h^i)  B^*^. 
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The  horizontal  absoissce  are  induotion  deDsities,  and  the  vertical 
ordinates  hjsteretic  loss  in  ergs  per  oubio  centimetre  per  cycle. 
The  constant  coefficient  i;,  which  Steinmetz  calls  the  hysteretic 
coefficient^  is  according  to  him  a  function  of  the  frequency  of 
the  alternations,  as  well  as  dependant  upon  the  quality  of  the 
iron.  For  a  core  built  up  of  very  thin  soft  hon  plates,  he 
found  that  the  value  of  t;  could  be  expressed  by 

71  =  (0017  +  000016 n  -  -00000003 n^). 

It  therefore  increases  with  the  frequency.  For  a  frequency  of 
100,  17  a '0033,  nearly,  for  good  thin  sheet  iron  or  fine  wire- 
cores.  We  can  therefore  express  the  whole  loss,  W,  in  watta 
per  cubic  centimetre  in  a  transformer  core  by  a  function  of 
n  B  and  certain  constants ;  thus, 

W-anBi-«  +  /?n«B2    ....     (21), 

where  the  first  term  is  the  hysteresis  loss  and  the  second  the 
eddy  current  loss,  and  a  and  )8  are  certain  constants  which 
depend  upon  the  kind  of  iron  used,  its  degree  of  lamination,  its 
temperature,  and  to  a  small  degree  upon  the  frequency.  The 
value  of  the  first  term  is  not  much  affected  by  the  temperature 
of  the  iron ;  the  magnitude  of  the  second,  however,  is  greatly 
reduced  by  rise  of  temperature. 

As  an  example  of  the  close  agreement  between  observation 
and  the  above  theory  we  may  instance  one  measurement  out  of 
a  large  number  made  by  Mr.  Steinmetz  on  the  loss  in  iron  cores. 
A  small  transformer  had  a  core  built  up  of  iron  plates  2 '54  cm. 
in  width  and  *068  cm.  in  thickness.  This  plate  thickness  ex- 
pressed in  mils  is  27*2  mils. 

According  to  equation  (16)  the  loss  due  to  eddy  currents  in 
this  core  in  watts  per  cubic  centimetre  should  be 

(27-2)«n2B2«740n«B«, 

Mr.  Steinmetz  found  that  the  observed  total  loss  in  watts  per 

cubic  centimetre  in  this  core  could  be  expressed  by  the  empirical 

formula 

W  -  -0033  n  Bi;«  +  746  n«  B^  •     .    .    (22). 

Accordingly  it  appears  that  we  can  predetermine  with  some 
degree  of  accuracy  the  losses  in  a  transformer  core  when  we 
know  the  frequency,  the  thickness  of  the  plates,  and  the  value 
of  B.     B  can  be  found  directly  from  the  seoondaiy  electro- 
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motive  force,  for  if  E^  be  the  Jmeaai^  value  of  the  secondary 
electromotive  force  then 

c/  ^g^EgV2  10> 

ff  ^  * 

S  being  the  cross-sectional  area  of  the  gotc. 

According  to  Steinmetz  the  hysteretic  constant  17  varies  con- 
siderably for  different  kinds  of  iron,  but  for  every  kind  the 
hysteresis  per  cycle  per  unit  of  volume  varies  as  the  l*6th 
power  of  the  maximum  induction  during  the  period.  So  far  as 
chemical  constitution  is  concerned,  the  purer  the  iron  the  lower 
the  hysteresis,  whilst  any  foreign  matter  in  or  hardening  of  the 
iron  increases  it.  Especially  does  the  presence  of  manganese 
increase  it  immensely,  whilst  chromium  and  tungsten  much 
lees,  and  carbon  and  silicon  least  of  all.  An  increase  of 
hysteresis  is  always  accompanied  by  a  decrease  of  magnetic 
susceptibility. 

In  order  to  aid  in  comparing  the  results  of  observation  with 
this  empirical  formula,  we  append  a  Table  of  the  values  of  B 
from  1,000  to  10,000  and  the  corresponding  values  of  B^-^,  and 
of  the  products  of  B*-«  and  002,  -003,  -004,  -005. 

Table  of  Hysteresis  Losses  in  Good  Soft  Iron,  calculated  from 
theformvla  W  =  i;  n  B  ^"^  10""^,  in  microuKUts  per  cubic  centimetre^ 
for  a  frequency  (\)  of  n^^  100  for  various  maximum  inductions. 


Maximum 
induction 
density  B. 

Value  of 

Values  of  Tin  B^**  10"*. 

iy=-002. 

i;=-003. 

iy=004. 

i7=-005. 

1,000 
2,000 
3,000 
4,000 
5,000 
6,000 
7,000 
8,000 
9,000 
10,000 

63,100 

191,300 

366,900 

580,000 

828,800 

1,111,000 

1,420,000 

1,758,000 

2,122,000 

2,511,000 

1,262 
3,826 
7,318 
11,600 
16,576 
22,220 
28,400 
35,160 
42,440 
50,220 

1,893 
5,739 
10,967 
17,400 
24,864 
33,330 
42,600 
52,740 
63,660 
75,330 

2,524 
7,652 
14,636 
23,200 
33,152 
44,440 
56,800 
70,320 
44,880 
100,440 

3,155 

9,565 

18,295 

29,000 

41,440 

55,550 

71,000 

87,900 

106,100 

125,550 

From  this  Table  and  the  one  before,  giving  the  eddy  current 
losses  in  iron  cores,  we  see  that  for  a  given  maximum  induc- 
tion density  the  eddy  current  loss  per  unit  of  volume  will  be 
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xoughlj  equal  to  the  hysteresis  loss  if  the  core  is  made  up  of 
iron  wires,  each  *02  of  an  inch  in  diameter.  As  the  wires  of 
a  wire  core  are  always  selected  of  a  smaller  diameter  than  this, 
we  see  that  in  general  the  eddy  current  loss  will  be  much  less 
than  the  hysteresis  loss.  This  points  also  to  the  fact  that  if 
there  could  be  found  any  way  of  debasing  the  electrical  conduc- 
tivity of  the  iron  without  deteriorating  its  magnetic  permeability 
and  without  increasing  its  hysteresis,  this  change  would  be  a 
valuable  improvement.  Unfortunately,  iron  of  good  magnetic 
permeability  always  appears  to  be  iron  of  large  electrical 
conductivity. 

Some  very  interesting  experiments  were  made  by  Mr. 
Alexander  Siemens  on  the  iron  core  losses  of  Siemens  Bros/ 
Cable  transformers.*^ 

In  these  experiments  the  rate  at  which  energy  was  being  dis- 
sipated  in  the  iron  core  when  the  transformer  was  at  work  was 
estimated  by  the  rate  of  rise  of  temperature  of  one  of  the  iron 
wires  forming  the  core.  The  rise  of  temperature  of  this  wire 
was  estimated  by  its  change  in  electrical  resistance.  This  test 
wire  was  insulated  by  cotton  covering  from  the  rest  of  the 
wires  forming  the  core. 

This  mode  of  constructing  transformers  was  foreshadowed 
by  Dr.  Werner  von  Siemens,  who  proposed  in  his  patent^  No. 
42  of  1886,  to  surround  the  primary  and  sej^ondary  circuits  of 
a  transformer  with  iron  wire,  but  his  experiments  gave  no 
satisfactory  results. 

The  subject  was  recently  taken  up  again,  and  the  present 
form  of  these  transformers  was  suggested  by  Mr.  Dieselhorst 
and  Dr.  Baur. 

The  principal  advantage  which  is  claimed  for  this  form  of 
transformer  is  that  it  can  be  made  by  machinery,  in  the  sabie 
way  as  a  submarine  cable  is  made,  the  employment  of  manual 
labour  in  putting  it  together  being  entirely  avoided. 

A  special  machine  has  been  designed  and  erected  for  com- 
pleting  such  transformers  in  one  operation,  after  the  iron  core 
has  been  prepared  on  an  ordinary  rope-stranding  machine. 

Besides  offering  these  facilities  for  manufacture,  the  peculiar 

*  See  a  Paper  by  Mr.  Alexander  Siemens  in  the  Proe,  Institution  of 
Blectrioal  Engineers,  February,  1892 ;  also  see  Etectrieian,  Vol.  XXVIII., 
p,  431, 1892,  "  Some  Experimental  Investigations  in  Alternating  Currents." 
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shape  of  the  cable  transformer  lends  itself  to  a  yariety  of  usef  ol 
applications. 

The  transformer  used  for  the  experiments  had  a  core  of  90O 
soft  iron  wires,  each  1mm.  in  diameter  by  6  metres  long, 
twisted  up  in  the  form  of  a  rope,  and  surrounded  by  two- 
windings  of  copper  wire,  properly  insulated,  the  one  for  high 
▼oltage  and  the  other  for  low  voltage. 

From  the  fact  that  the  diameter  of  the  transformer  b  very 
small  compared  to  its  length,  it  follows  that  the  magnetic 
field,  and  consequently  the  induction  in  the  iron  core,  is- 
uniformly  distributed,  with  the  exception  of  a  slight  drop  at 
either  end. 

The  mean  induction  produced  by  passing  an  alternate  current 
through  the  low-voltage  circuit  was  measured  by  the  difference 
of  potential  obtained  in  the  high-voltage  circuit  while  no- 
current  was  passing  through  the  latter. 

The  temperature  of  the  iron  core  was  ascertained  by  measur- 
ing the  increase  in  the  electrical  resistance  of  one  of  its  wires,, 
which  had  been  insulated  from  the  rest  by  a  cotton  covering. 

By  actual  comparison  it  was  found  that  one  of  the  wires- 
near  the  periphery  gave,  within  the  limits  of  errors  of  observa- 
tion, the  same  results  as  the  central  wire,  so  that  the  exact 
position  of  this  /'  test  wire "  has  no  influence  on  the  result ;. 
the  heating  of  the  cotton  insulation  can  be  neglected,  as  its 
mass  is  so  very  small  compared  with  that  of  the  iron. 

Separate  tests  were  made  to  determine  the  specific  heat  of 
the  iron,  which  was  found  to  be  =  0*112,  and  the  temperature 
coe£Eicient  for  the  electrical  resistance  of  the  test  wire,  which 
was  equal  to  0'0054. 

The  current  was  kept  on  for  a  short  time  only,  as  it  was 
desired  in  the  first  instance  to  determine  the  rate  at  which 
energy  is  converted  into  heat  in  such  a  transformer,  and  the 
rise  in  temperature  after  keeping  the  current  on  for  9  seconds 
can  be  calculated  from  the  formula, 

e»  ^*  "  ^. 
•      -0054.  R^j' 

where  R^a  electrical  resistance  before  starting  the  current, 
and  R,»  electrical  resistance  after  keeping  the  current  on  for 
9  seconds. 
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During  the  time  that  the  current  passes,  the  test- wire  will 
lose  a  certain  amount  of  heat  by  radiation  and  convection, 
although  it  is  surrounded  by  all  the  other  iron  wires,  which  are 
heated  in  a  similar  manner.  This  loss  can,  however,  easily  be 
allowed  for  by  plotting  a  "  cooling  curve  "  after  the  passage  of 
the  current  has  been  stopped,  with  times  as  abscissae  and  tem- 
peratures as  ordinates.  In  this  way  the  rise  of  temperature  of 
the  iron  core  per  second  was  observed  with  an  alternate  current 
of  100  ^  per  second,  varying  in  strength  so  as  to  produce  a 
different  induction  for  each  observation. 

Considering  that  the  loss  of  energy  caused  by  the  heating  of 
the  iron  as  proportionate  to  its  mass,  to  its  specific  heat,  and  to 
its  rise  of  temperature  per  second,  it  was  possible  to  plot  a  curve 
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Total  loas  of  energy  per  cwt.  in  wire  cores  of  aof  t  iron  wire  1mm.  in 
diameter  at  variouB  inductions. — Curve  1,  frequency =133  c>o  per  secood. 
Curve  2,  frequency  s  100  Oo  pw  second.  Curve  3,  frequency = 66*7  rvs^  per 
■eoond. 


in  which  the  maximum  number  of  C.-O.-S.  lines  per  square  cm. 
aie  the  abscissee,  and  the  losses  of  energy  are  represented  as 

ordinates  calculated  for  the  mass  of  1  cwt.  of  soft  iron  wires 

« 

1  mm.  in  diameter. 

The  results  of  these  observations  on  the  total  waste  of  energy 
in  the  core  are  plotted  in  curves  in  Fig.  39,  in  whidi  the 
horizontal  abscissce  are  maximum  induction  densities,  and  the 
vertical  ones  the  waste  of  energy  in  1  cwt  of  the  core  in  watts. 
The  three  curves  correspond  to  three  different  frequencies. 
Taking  these  total  wastes  we  can  reckon  out  from  the  Table  on 
p.  490  the  total  loss  due  to  eddy  currents  alone,  and,  deducting 

KK 
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this  from  the  total  loss,  obtain  the  values  of  the  hygtezeBis 
waste.    This  has  been  done  in  the  Table  below. 

Experiments  on  the  Iron  Core  Losses  in  a  Siemens  Cable 
Transformer  at  a  Freqiieiicy  (  f\j)  of  100  for  various  Inductions, 
Tlu  core  contisted  of  iron  toiresj  1mm.  in  diameter* 


Mean  mazimuin 

induction  density 

B  in  the  core. 


1,000 
2,000 
3,000 
4,000 
5,000 
6,000 


Total  observed  loss 

in  watts  per  cwtb 

in  the  core 

T 


43-2 
96-2 
168-0 
231-2 
309-5 
3901 


Caloulated  eddy 
current  loss  m 
watts  per  cwt. 


4 

16 

36 

64 

100 

144 


Hysteresis  looB 
estimated  by  dif- 
ference in  watts 
percwtk 
H. 


39-2 
80-2 
122-0 
167-2 
209-5 
246-1 


By  deducting  in  this  way  the  calculated  eddy  current  loss 
from  the  total  observed  loss  in  the  core,  a  Table  was  constructed 
of  pure  hysteresis  losses  for  various  frequencies,  and  for  various 
inductions.  The  results  of  these  calculations  are  shown  in 
Fig.  40,  in  which  the  hysteresis  losses  for  various  inductions 
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Lois  by  hystereds  in  iron  wire  cores.— Curve  4,  frequency =100  'V  per 
seoood.  Curve  5,  frequency =66*7  r^  per  second.  Curve  6,  statio  hysterans 
aooording  to  Ftof.  Ewing. 

are  plotted  for  frequencies  of  66*7  and  100,  and  also  a  oorre 
of  static  hysteresis  is  appended.  It  will  be  seen,  therefore, 
that  Mr.  Siemens'  experiments  agree  with  those  of  Mr.  Stein- 
metz  in  indicating  an  increase  in  hysteresis  waste,  with  increase 

*  The  Table  has  been  recalculated  by  the  author,  because  in  the  original 
Paper  by  Mr.  Siemens,  a  slip  occurs  in  the  calculation  of  the  eddy  cuirent 
loss  which  makes  the  resulting  values  too  small  hy  about  20  per  cent. 
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in  frequency.  In  other  words,  that  there  is  a  kinetic  and  a  static 
hysteresis,  or,  as  it  had  better  be  called,  a  slow-cycle,  and  a 
rapid-cycle  value  for  the  hysteresis  waste.  The  evidence  fox 
this  rests,  however,  on  the  accuracy  of  calorimetric  observations, 
which  are  difficult  to  make.  On  the  whole  it  may  be  well  yet 
to  suspend  judgment  as  to  whether  there  is  a  real  increase 
in  the  true  hysteresis  losses  in  iron  cores  with  increase  in  the 
speed  at  which  the  cycle  is  performed.  On  examining  the 
table  of  hysteresis  losses  for  the  cable  transformer  it  will  be 
seen  that  the  hysteresis  loss  is  proportional  to  the  induction 
density  simply,  and  not  to  the  l'6th  power.  The  total  loss  W 
in  watts  per  cubic  centimetre  of  the  core  of  the  Siemens'  cable 
transformer  is  very  nearly  expressed  by  the  equation 

_  fdfiB  Y     -625 n  B 
UxlOV  "^107  ...     (22). 

The  first  term  on  the  right-hand  side  represents  the  eddy 
current  loss,  and  the  second  term  the  hysteretic  loss.  In  this 
equation  d  is  the  diameter  of  the  iron  wires  in  millimetres  and 
n  is  the  frequency.  On  the  other  hand,  it  is  found  by  trial 
that  the  total  loss  W,  in  watts  per  cubic  centimetre,  of  the  iron 
core  of  the  wire  core  transformers  employed  by  Messrs. 
Fortenbaugh  and  Sawyer  in  the  experiments  described  on  page 
481,  can  be  very  nearly  expressed  by  Steinmetz  law,  viz., 

^ 10^  ■*■  — W~  •   •    •    ^^^' 

where  d  is  the  diameter  of  the  wire  in  mils  and  n  is  the 
frequency.  For  the  last  equation  it  is  easily  seen  that  for  the 
induction  density  most  generally  used  in  cores,  viz.,  a  maximum 
of  4,000,  and  for  wire  cores  composed  of  wires  1  mm.  in 
diameter,  and  for  a  frequency  of  100,  the  total  loss  in  watts  in 
the  core  is  about  1  watt  for  every  30  cubic  centimetres  of  core 
volume,  such  loss  being  about  two-thirds  hysteretic  loss  and 
one-third  eddy  current  loss.  Hence  for  this  or  for  any  other 
induction  density,  if  the  total  core  waste  to  be  allowed  is  known, 
the  volume  of  the  core  which  will  permit  this  to  be  the  case 
can  be  predetermined.  As  an  illustration  of  the  application  of 
the  foregoing  principles  to  a  real  case,  let  us  predetermine  the 
total  losses  in  the  iron  core  of  the  small  Westinghouse  Trans- 
former used  by  Prof.  Ryan  in  the  experiments  described  on 

kk2 
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page  445.  The  transformer  core  consisted  of  iron  plates  one- 
half  millimetre,  or  20  mils,  thick.  The  total  volume  of  the 
core  was  2,050  cubic  centimetres,  the  maximum  induction 
density  3,850,  and  the  frequency  138.  Required  to  find  the  total 
losses  in  this  core.  We  have  then  X=  20,  n«=  188,  B  =  3,850. 
Hence  the  eddy  current  loss  per  cubic  centimetre  is,  by  equation 
(16),  equal  to 

(20)2  X  (138)2  X  (3,850)2  x  10-w«  -Oil  watt, 

and  the  hysteresis  loss  per  cubic  centimetre  is,  by  equation  (20)^ 
equal  to 

•0045  X  138  X  (3,850)i-»  x  lO*'-  -036  watt 

Hence  the  complete  loss  is  *047  watt  per  cubic  centimetre,  and 
the  total  loss  in  the  whole  core  nearly  96  watts.  The  actuaUy 
observed  loss  was  95  watts. 

§  9.  The  Practical  Constraction  of  the  Transformer. — ^Be- 
fore proceeding  to  consider  the  question  of  the  design  of  trans- 
formers, it  will  be  desirable  to  make  some  reference  to  practical 
processes  of  construction.  Two  distinct  matters  present  them- 
selves to  the  constructor  :  the  first  of  these  is  the  coat  of 
construction;  the  second  the  performance  of  the  apparatus  when 
made.  The  intelligent  manufacturer  aims  at  producing  the- 
best  appliances  at  the  possible  lowest  cost.  In  doing  this  he 
has  to  consider  all  kinds  of  quesUons,  such  as  the  ease  of  manu- 
facture and  repair,  and  to  achieve  the  best  results  in  this 
direction  without  sacrifice  of  efficiency  in  the  end.  A  form  of 
transformer  which  may  be,  theoretically,  very  perfect,  may 
have  very  small  practical  use  if  the  superior  difficulties  of 
manufacture  of  the  most  perfect  form  rule  it  out  of  the 
market  in  competition  with  other  less  perfect^  but  more  prac- 
tical forms. 

A  ring  of  fine  iron  wire  wound  closely  over  with  two  inter- 
twined circuits  would  present  several  theoretical  advantages  as 
a  transformer ;  but  such  an  ideal  form  is  difficult  to  wind  and 
expensive  to  repair,  and  accordingly  is  not  a  good  form  of 
commercial  transformer  to  employ. 

Beginning,  then,  with  the  conducting  circuits,  from  what 
has  been  already  said  the  reader  knows  that  the  construc- 
tor haa  to  make,  in  the  first  place,  the  iron  core,  either  a 
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•closed  or  an  open  magnetic  circuit,  and  to  wind  this  over  with 
two  distinct  and  insulated  circuits  of  wire.  In  some  old  forms 
of  transformer,  such  as  the  old  Zipemowsky  form,  these  circuits 
were  wound  on  the  iron  core  directly  by  hand.  At  present  the 
almost  universal  practice  is  to  wind  these  primary  and  second- 
aiy  circuits  first  on  9k  former  or  frame.  If  the  coil  is  to  remain 
on  this  frame  or  bobbin,  then  this  last  is  generally  formed  of 
ebonite  or  porcelain,  or  some  good  insulator.  The  circuits 
generally  consist  of  copper  wire  or  strip,  double  covered  with 
-cotton,  or  insulated  with  vulcanized  fibre  or  japanned  paper. 

Speaking  generally,  it  is  not  a  good  plan  to  trust  too  much 
to  sheUac  varnish  or  layers  of  shellaced  calico  as  an  insulator. 
When  cotton  fibre  is  dried  and  shellac- varnished,  it  is  a  good 
insulator  for  a  time,  but  it  soon  becomes  capable  of  absorbing 
moisture ;  and,  moreover,  if  the  transformer  gets  hot  it  seems 
as  if  the  shellac  carbonises  very  readily  at  a  low  temperature, 
and  then  rapidly  becomes  conducting. 

Each  primary  and  secondary  circuit  should  be  split  up 
into  a  number  of  coils,  so  arranged  that  no  two  adjacent 
layers  of  wire  are  at  any  great  difference  of  potential.  Next 
comes  the  question  of  insulating  the  primary  coil  from  the 
secondary  coil,  and  both  coils  from  the  iron  bands.  This  needs 
very  great  attention.  Mica  is  very  often  used  for  this  purpose, 
also  ebonite  and  porcelain.  Layers  of  shellaced  cloth  or  paper 
are  most  commonly  employed,  but  do  not  make  a  satisfactory 
permanent  insulation,  neither  does  baked  and  shellaced  vulcan- 
ized fibre.  Later  on  we  shall  show  how  the  sectioti  and  length 
of  wire  in  both  coils  is  to  be  calculated  for  a  given  transformer ; 
but  at  present,  assuming  this  known,  we  have  to  do  merely 
with  practical  details.  The  coils  being  wound  and  insulated, 
whether  on  frames  or  not,  have  next  to  be  built  up  round  the 
core,  or  the  core  made  to  enclose  them.  In  any  case,  what  has 
to  be  done  is  to  provide  an  iron  path  for  the  lines  of  force. 
This  may  take  endless  different  forms,  several  of  which  have 
been  illustrated  in  the  previous  chapters. 

Koughly  distinguishing,  we  may  say  the  core  takes  one  of 
four  forms — 1st.  Stampings  of  sheet  iron  of  an  E  shape  are  put 
together  over  the  coils,  face  to  face,  so  as  to  form  a  double  path 
for  the  lines  of  force.  Of  this  type  are  the  Mordey  Transformer, 
the  latest-pattern  Granz  Transformer,  and  the  Westinghouse 
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Trtmsformer.  The  new  Ganz  Transfonner  conaists  oE  »  pile  of 
E^haped  Btampings  of  sheet  iron,  vbich  are  compressed  and 
fixed  with  the  back  of  the  E  to  a  round  iron  diso.  A  pair  of  these 
discs  are  then  placed  &ce  to  face,  and  held  t<%ether  by  tie-rode. 
The  primary  and  secondaiy  coils,  wound  on  frames,  are  slipped 
txi  to  the  middle  bar  of  the  E,  the  faces  of  the  iron  stampings 
being  planed,  so  that  where  opposed  edges  of  the  stampings 
meet  they  make  a  good  magnetic  joint.  The  ti^-roda  hold  the 
halves  of  the  core  together,  yet  they  can  be  separated  in  a  few 
minutes  to  get  at  or  replace  a  coil.  The  second  type  is  that 
represented  either  by  a  Ferranti  Transformer,  or  by  such  a 
form  as  that  shown  in  Fig.  41,  which  has  been  used  by  Messra. 


FlO.  41,— Wrist's  "Brighton"  TnoBfomM-  in  rrooMii  <d  Vaavltebm, 
■bowing  Helfaad  □{  SUpinng  PlaUe  orar  Coili. 

Kapp,  Snell,  and  Wright,  and  revived  reoently  by  Messrs.  Fyke 
and  HarriB.  In  this  form  the  two  coils,  primary  and  secondary, 
are  overlaid  and  then  clad  in  iron,  either  as  is  dons  by  Ferrsiitl 
or  as  shown  in  Fig.  41,  by  slipping  split  TJ-shaped  or  split  frame- 
shaped  sheet  iron  stampings  over  both  ooils  to  enclose  them  round 
with  iron.  A  third  typical  form  is  that  represented  either  by  a 
Swinburne  Hedgehog  Transformer,  or  by  a  Siemens  Cable  Trans- 
former. In  this  case  the  magnetic  circuit  is  an  open  cirouit,  that 
is  one  not  completely  consisting  of  iron.  The  Siemens  Cable 
Transformer  is  made  by  winding  the  two  circuits,  primary  and 
secondary,  on  to  an  iron  rope,  which  forms  the  oore.    A  oerUin 
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length  of  this  cable  depending  on  the  size  and  transforming 
power  of  the  core  is  then  wound  spiral  fashion  on  to  a  frame 
(see  Fig.  42),  and  forms  an  open  drooit  transformer  of  a  very 


SiemexiB*  "  Cable*'  Transformer.    Plan. 
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Fig.  42.— Siemens' "  Cable  "  Transformer.    Elevation. 


effective  character.  In  this  particular  form  of  transformer  the 
primary  and  secondary  circuits  are  so  completely  interwound 
that  magnetic  leakage  is  almost  absent.      The  illustrations 
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sfaoT  in  plan  and  eleTatioa  a  cable  transformer  ooiled  and 
fixed  for  use  in  a  skeletoa  stand,  mth  the  terminals  of  ikm 
primary  and  secondsry  cirouitB  arranged  on  the  top.  There 
is  a  large  cooling  surface  in  proportion  to  the  output,  and  a 
high  efficiency  and  small  "drop."  Thus  the  150  horse-pover 
transformer  would  weigh  about  30  cwt  in  all  with  stand.  It 
would  have  an  efficiency  of  94  per  cent  at  full  load,  93  or  94 
per  cent,  at  half  load,  and  90  per  cent,  at  quarter  load,  and  the 
"  drop  "  at  the  secondary  terminals  between  full  and  no  load 


Fio.  43.— 3chuckert  Poljphase  Tramfonner. 

would  be  between  3  and  4  per  cent.  The  weights  of  the  10, 
50,  100  and  200  horse-power  sizes  with  stand  are  respectively 
5-5,  13-5,  22'5,  and  42  cwt.  In  the  fourth  form  we 
have  a  laminated  closed  iron  circuit,  which  is  wound  over 
Onmme  ring  fashion,  with  primary  and  secondary  ooiU.  ^le 
ootis  are  either  overlaid,  as  in  the  Lowrie-Hall  Transformer  (ue 
Fig.  75,  p.  226)  or  sandwiched  in  betweeAone  another,  as  in  the 
form  shown  in  Fig.  49  (p.  90),  due  to  Dr.  Hopkinson.  Hany 
other  forms  are  possible.  In  the  Schuokert  Transfonner,  for 
use  with,  what  are  called,  polyphase  or  rotai;  field  alteniaton, 
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the  iron  circuit  consists  of  iron  strip  rolled  up  into  a.  flat  disc 
by  being  wound  in  a  spiral  form,  grooves  are  then  planed  out 
in  this  disc  (see  Fig.  43),  and  coils  fitt«d  into  these  grooves, 
A  lid,  similarly  formed,  is  then  fastened  on  by  bolts  so  as  to 
complete  the  magnetic  circuit  (see  Fig,  44). 

In  the  transfonnere  used  with  the  "Drehatrom  "  or  rotary  field 
dynamos,  the  iron  circuit  is  somewhat  diOerently  disposed. 


Fio.  44.— Core  of  Scbuckert  PolyphaM  Tnaelonaa. 

Spooe  wi]1  not  permit  us  to  enter  into  a  description  of  the 
dynamos  and  mode  of  operation  of  the  polyphase,  Drehstrom, 
or  rotary  field  system,  as  it  is  variously  called.  Suffice  it  to 
say,  that  in  this  system  there  are  three  or  more  circuits,  each 
of  which  is  traversdf  by  an  alternating  current,  the  various 
altemattng  currents  in  these  circuits  diSering  in  phase  by 
equal  amounts.  Hence,  the  corresponding  transformer  has  to 
be  made  with  three  or  more  primary  coils,  and  the  same  number 
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of  aeoondar;  ooils.  It  will  be  Bufficieut  to  deecribe  one  form 
vis.,  that  of  DobrowoUkj. 

This  transformer,  in  the  form  used  in  the  Frankfort-Lauffeu 
high-tensiou  tiansmisBion  (1891)  experiments,  cduiats  of  three 
linear  Iron  wire  corea. 

Tbeee  are  coimeoted  at  the  top  and  bottom  by  a  laminated 
iron  ting  (tee  Fig.  i5),  and  eaoh  core  is  wound  with  a  primary 
and  Beoondary  circuit.  The  primary  coil  is  separated  from  the 
secondary  coil  by  a  porcelain  insulating  sheath.  The  completed 
transformer  (we  Fig.  16)  is  put  into  an  iron  case  and  sealed  up 


FicM. 

in  oil.  The  mode  of  connection  of  the  armature  circuits  and 
transformer  circuits  ib  shown  in  Fig.  47,  which  represents 
the  arrangement  as  used  in  the  experiments  at  Frankfort  in 
1891,  in  which  power  was  transmitted  for  a  distance  of  109 
miles  at  a  pressure  of  10,000  to  25,000  volte. 

The  three  circuits  of  the  armature  of  the"Dreh8trom,"or  three- 
phase  alternator,  are  represented  in  Fig.  47.  Each  of  these 
orcuits  la  in  turn  the  seat  of  an  alternating  E.M.F.  force,  which 
sends  an  alternating  current  out  along  the  line  and  back  by  the 
return  wire,  which  was  kept  at  zero  potential  by  being  "earthed  " 
In  the  Frankfort-LaufTen  experiments  the  current  was  generated 
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fto.  47.— Tbrea-phue  or  Drelutroni  System  of  TranBtormar  TouaaDission. 
D,  D,  Da— Time  innittDn  cfccnlta  of  dTDuna.  P,  P,  P.— Thte«  p'l>°>'7  clreoita 
gtitm-nptraMTomiBr  T,.  B,  S,  8j— ThroBieoonilBrrclnjiilUof  itep-npttBiisturmer 
T,.  F,  P,  P,~-Tbrss  primiij  arculta  ot  ■tsp-down  CniDsCoriner.  B,  B,  S,— Thr«a 
wmnrtiiy  drenlti  ot  itap-dowii  tramtonnBr.    L,  L,  L,— Lunpi  ortDoton. 
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at  a  pressure  of  50  volts,  and  then  raised  in  pressure  by  the 
transformers  for  transmission. 

At  the  receiving  end  it  was  reduced  in  pressure  again  to  the 
same  amount.  The  transformers  used  had  a  power  of  200,000 
watts  and  a  transformation  ratio  of  1  :  160,  and  they  therefore 
could  raise  the  pressure  of  78  volts  existing  between  any  two 
wires  of  the  dynamos  to  12,500 ;  and  by  using  two  transformers 
in  series  to  25,000  volts.  The  number  of  complete  alternations 
was  40  per  second. 

§  10.  The  Practical  Testing  of  Transformers. — In  testing 
the  insulation  of  a  transformer  between  the  primary  and 
secondary  coils  any  process  of  measuring  the  insulation  resis- 
tance with  a  galvanometer  and  a  Wheatstone's  bridge,  or  similar 
methods  using  low  continuous  potentials,  is  a  perfectly  useless 
performance.  Those  not  experienced  in  these  things  often  con- 
sider that  some  sort  of  safeguard  for  the  performance  of  a  trans- 
former is  found  in  specifying  for  a  certain  number  of  thousand 
ohms  or  megohms  of  insulation.  This,  however,  is  erroneous. 
The  only  really  useful  tests  consist  in  exposing  the  different 
portions  of  the  insulation  of  the  transformer  to  electric 
pressures  of  two  or  three  times  that  which  in  practice  will 
come  upon  them,  and  subjecting  them  to  this  increased 
pressure  for  a  sufficient  time.  Every  transformer  should  be 
subjected  to  the  following  tests  before  being  accepted,  and 
put  into  use  : — ^A  pressure  in  alternating  volts,  equal  at  least 
to  double  the  high-tension  pressure  at  which  it  is  to  be 
worked,  should  be  applied  between  the  primary  coil  and  the 
secondary  coil,  and  between  the  primary  coil  and  the  iron 
bands  or  plates  or  iron  case.  This  pressure  should  be  kept 
on  for  at  least  an  hour.  If  the  transformer  stands  this 
test,  it  is  probably  in  good  order.  In  the  next  place,  the  mag- 
netising current  of  the  transformer  when  on  open  secondary 
circuit  should  be  measured.  This  should  be  done  both  on  the 
low-pressure  or  the  high-pressure  sides.  A  large  magnetising 
current  is,  for  several  reasons,  undesirable.  Owing  to  their 
less  relative  primary  circuit  self-induction,  open  iron  circuit  or 
open  magnetic  circuit  transformers,  size  for  size,  require  larger 
magnetising  currents  than  closed  iron-circuit  transformers. 
That  is  to  say.  if  we  take,  for  instance,  a  5  H.P.  Swinburne 
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Hedgehog  Transformer,  we  shall  find  that  when  on  open  secon- 
dary it  takes  more  primary  current  than  a  Mordey  or  a  West- 
inghouse  Transformer  of  the  same  size.  This  in  itself  is  a  disad- 
vantage in  some  ways.  Mr.  Swinburne  has  proposed  to  meet  this 
difficulty  by  placing  a  condenser  across  the  primary  terminals  of 
the  transformers.  We  have  seen  in  §  9  (p.  391)  of  Chapter  III. 
that  if  a  condenser  is  short-circuited  by  an  inductive  resistance, 
the  current  in  this  shunt  may,  under  proper  conditions  as  to  capa- 
city and  self-induction,  be  greater  than  the  main  current  before 
division.  Hence,  we  can  as  it  were  produce  the  necessary  mag- 
netising current  for  .the  transformer  out  of  a  condenser,  and 
avoid  actually  generating  it.  The  production  of  a  good  econO' 
mical  condenser  capable  of  working  at  pressures  of  2,000  or 
2,400  volts  is,  therefore,  an  important  matter,  and  would  enable 
the  magnetising  current  for  such  open-circuit  transformers  to  be 
supplied  without  increase  of  current  producing  capacity  in  the- 
generating  plant.  In  addition  to  the  foregoing  tests  an  examina- 
tion should  be  made  of  the  "drop"  in  the  secondary  circuit 
between  full  load  and  no  load.  If  this  is  more  than  5  per  cent,  of 
the  secondary  pressure  at  no  load,  the  transformer  will  have  a 
very  limited  use.  In  testing  large  transformers  it  is,  of  course, 
desirable  to  analyse  this  "  drop,"  and  find  out  how  much  of  it 
depends  on  true  magnetic  leakage,  and  how  much  on  true 
copper  resistance.  This  is  easily  done  when  the  currents  and 
true  ohmic  resistances  of  the  circuits  are  known. 

A  most  important  matter  is  the  question  of  heating.  Special 
tests  should  be  made  before  extensively  employing  any 
particular  pattern  of  transformer,  to  ascertain  the  stationary 
temperature  at  which  that  transformer  arrives  when  worked 
continuously  at  either  full  load  or  no  load ;  the  latter  being 
the  most  important.  The  transformer  should  have  thermo- 
meters inserted  into  it  in  various  places,  and  an  hourly  record 
of  temperature  taken,  and  note  made  of  the  time  at  which  the 
temperature  becomes  approximately  stationary.  This  ought 
not  to  exceed  150*"  Fahr.  A  high  temperature  at  no  load  is 
the  result  of  a  badly  designed  iron  core  or  too  large  a  magnet- 
ising current.  In  either  case  the  result  is  a  waste  of  energy 
and  danger  of  carbonising  the  insulation.  In  the  case  of  large 
transformers  good  ventilation  of  the  core  is  essential.  In  the 
case  of  oil-insulated  transformers,  convection  comes  into  play 


510       THE  CONSTRUCTION  AND  ACTION  OF  TRAN6FORHEB8. 

to  assist  in  the  removal  of  the  heat  j  and  special  devices  have, 
been  suggested  for  causing  a  circulation  of  oil  round  and 
through  the  transformer.  Messrs.  Pyke  and  Harris  and  others 
have  employed  such  oil-circulating  devices,  both  in  connection 
with  induction  coils  and  transformers.  In  this  case  the  heated 
oil  is  made  to  rise  upwards  and  pass  by  convection  through  a 
cooler  and  then  flow  down  again.  In  the  case  of  large  sub- 
station transformers  a  system  of  water-cooling  pipes  might 
also  be  similarly  employed. 

§  11.  The  Predetermination  of  the  Primary  Onxrent  of 
Transfonners  on  open  Secondary  Circnit. — When  an  alter- 
nating electromotive  force  is  applied  to  the  primary  terminals 
of  a  transformer  with  open  secondary  circuit,  or  to  the  terminalB 
of  a  simple  choking  coil,  a  small  current  is  found  to  flow  through 
the  circuit,  which  is  commonly,  but  rather  erroneously,  called 
the  ''  magnetising  current."  It  would  be  better  to  call  this  the 
''core"  current,  because  its  magnitude  is  very  largely  dependent 
upon  actions  taking  place  in  the  iron  core.  If  a  given  con- 
ducting circuit,  say  an  insulated  copper  wire,  is  wound  on  a 
bobbin  non-inductively,  and  a  certain  alternating  electromotive 
force  applied  to  the  ends  of  the  circuit,  it  is  a  very  easy  matter 
to  calculate  the  ampere  value  of  the  current,  which  will  under 
these  circumstances  flow  through  the  circuit  For  the  Jmeaxx^ 
value  of  the  current  is  at  once  obtained  by  dividing  the 
^mean'  value  of  the  electromotive  force  by  the  ohmio  resist- 
ance (B)  of  the  wire.  Again,  suppose  that  this  same  circuit  is 
wound  inductively  on  a  non-magnetic  and  non-conducting  core 
or  bobbin,  the  circuit  has  then  a  definite  inductance  (L),  and 
the  ^mean'  value  of  the  current  is  obtained  by  dividing  the 
^mean*  value  of  the  electromotive  force  by  the  impedance 
(  JB^+jp^l?)  of  the  circuit.  In  both  these  cases  the  energy 
supplied  to  the  circuit  is  simply  dissipated  in  the  form  of  heat 
in  the  copper  circuit.  If,  however,  we  suppose  the  copper 
circuit  to  be  wound  inductively  on  a  magnetisable  core,  the 
problem  of  predetermining  the  current  is  not  quite  so  simple. 
If  the  core  is  an  ordinary  iron  core,  then  the  energy  supplied 
to  the  circuit  is  taken  np  in  three  ways — (i.)  it  is  partly  dis- 
sipated as  heat  in  the  copper  circuit;  (ii.)  it  is  further  die- 
sipated  by  true  magnetic  hysteresis  waste  in  the  iron  core; 
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and  (iii.)  it  is  also  wasted  by  reason  of  eddy  currents  set  up  in 
the  core.  A  little  reflection  will  show  that  the  final  result  of 
both  hysteresis  and  eddy  current  waate  is  equivalent^  as  far  as 
energy  waste  is  concerned,  to  closing  a  secondary  circuit  round 
an  ideal  non-hysteretio  and  non-conducting  core.  For  we 
may  imagine  that  the  energy  waste  due  to  all  the  little  eddy 
currents  in  the  core  and  that  due  to  the  magnetic  reversals  to 
be  imitated  by  simple  resistance  waste  of  a  secondary  current 
of  a  certain  magnitude  flowing  in  a  closed  secondary  circuit 
wrapped  round  a  perfectly  ideal  iron  core  in  which  these  wastes 
do  not  go  on.  We  have  seen  that  the  effect  of  the  secondary 
circuit,  when  dosed,  is  to  advance  the  phase  of  the  primary 
ourrenti  and  to  increase  its  mean  value.  Hence,  we  may  con* 
elude  that  the  total  effect  of  the  eddy  currents  and  the 
hysteresis  losses  in  an  iron  core  upon  the  phase  and  magnitude 
of  the  so-called  magnetising  current  is  to  increase  its  magnitudOi 
and  to  bring  it  more  into  consonance  with  the  impressed  electro* 
motive  force  as  far  as  phase  is  concerned. 

This  action  introduces  further  difficulties  into  the  problem  of 
predetermining  the  magnetising  current  of  a  transformer,  or 
the  current  flowing  through  a  choking  coil  when  subjected 
to  a  certain  alternating  electromotive  force  of  determined  mag- 
nitude and  frequency. 

The  general  solution  of  this  problem  is  a  rather  difficult 
matter;  but  we  shall  see  that  fortunately  it  may  be  easily 
solved  for  the  cases  most  likely  to  occur  in  practice. 

For  the  moment  let  us  suppose  ourselves  dealing  with  a  core 
in  which  both  eddy  current  and  hysteresis  waste  are  so  small 
as  to  be  negligible,  and  consider,  under  these  eircumstances, 
how  the  magnitude  of  the  current  flowing  through  the  primary 
circuit  when  the  secondary  circuit  is  open  is  to  be  determined. 

Let  R  be  the  true  resistance  of  the  primary  circuity  e  the 
instantaneous  value  at  any  time  of  the  impressed  electromotive 
force  acting  on  this  circuity  and  let  i  be  the  value  of  the 
current  flowing  through  the  circuit  at  that  same  instant. 
Also,  let  S  be  the  cross-section  of  the  magnetic  circuit  or  of 
the  core,  and  Ibe  its  mean  length,  and  N  the  number  of  turns 
of  the  primary  current  round  the  core,  and  n  the  frequency  of 
the  alternations.  Let  b  be  the  value  of  the  induction  density 
in  the  core  at  the  instant  of  time  considered. 
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We  shall  suppose  the  electromotive  force  to  be  a  simple 
periodic  function  of  the 'time,  as  usual,  so  that, 

esEsinjpt. 

If,  then,  /A  is  the  value  of  the  true  magnetic  permeability  of 
the  core  at  the  instant  when  the  induction  density  is  &,  the 
relation  between  •  and  b  will  be  expressed  by  the  equation, 

4  IT — /At»&     •••...  (1). 

c 

If  instead  of  measuring  %  and  b  in  C.-O.-S.  or  absolute  units  we 
measure  i  in  amperes  and  b  in  gausses*  per  square  centimetre 
then  equation  (1)  becomes, 

4  IT  N     .    ,  /ov 

"109  7/**  =  ^ (2)- 

These  equations  immediately  follow  from  the  facts  that  the 
magnetic  force  in  the  interior  of  a  closed  solenoid  is  by  a 
fundamental  principle  equal  in  magnitude  to  49r-times  the 
absolute  current  turns  per  unit  of  length  of  the  solenoid, 
and  also  that  the  quotient  of  induction  density  by  permea- 
bility is  a  measure  of  the  magnetic  force  in  the  interior  of  the 
core.     From  (2)  it  immediately  follows  that, 

4  IT  S  N*         .       a  XT  JL  /o\ 

___^t  =  SN6 (3); 

and  that 

Again,  since  e  is  the  instantaneous  value  of  the  impressed 
electromotive  force  it  follows  that  at  every  instant 

«-Rt  +  SN^ (5). 

dt  ^  ' 

If  the  resistance  of  the  copper  circuit  is  very  small  then  in 
practice  it  will  nearly  always  happen  that  the  magnitude  of 
the  resultant  electromotive  force,  R  »,  is  very  small  compared 

with  the  electromotive  force  of  self-induction,  viz.,  S  N  — .  This 

dt 

will  always  be  the  case  if  the  number  of  turns,  N,  of  the  wire 

*  One  gauss  is  a  unit  of  magnetic  induction  equal  to  10^  "lines  of  force," 
or  C.-Q.-S.  units. 
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mapped  in  the  oore  is  considerable.    Henoe  in  general  w»  maj 
«ite(6)  «-Sn1^, 

at 

Henoe  from  eqnatioii  (4)  it  follows  that 

10»    /    '^dt' 


but  sinoe  ^  i-  E  sin  jp  t  we  haye 


*— 


Imnptdt  •    •    •    •    (6); 


4irSNV 

and'henoe  the  maximum  value  of  i^  which  we  may  write  I,  is 
giTen  by  the  equation, 

Before  we  can  make  any  use  of  the  above  formula  (7)  we  must 
have  some  notion  of  the  value  to  be  given  to  /x  in  the  equation. 
It  may  be  useful  to  put  down  here  the  values  of  /a  obtained  by 
Prof.  Ewing  for  a  very  long,  soft,  and  well-annealed  iron  wire, 
corresponding  to  certain  values  of  the  induction  density  in  the 
wire.    They  are  as  follows : — 

The  induction  density  Corresponding  Tfthte  of  the 

(B)  in  permeability  {/i)  lor  good 

0.«G.-^.  measure.  soft  wrought  iron. 

1,000 660 

2,000    880 

3,000  ....: i,m 

4,000    1,40a 

6,000     *.i.u.ii;...;.;.;.......:......  •     1,600 

6,000  1,800' 

7,000  , 1,960 

8,000  2,120 

9,000 2,280 

L10,000 2,350 


H 

ll 

as* 


If  we  apply  the  values  of  /x  taken. from  the  above  table 
in  conjunction  with  the  equation  (7)  to  oalonlate  the 
maximum,  value  of  the  primary  current  on  open  secondary 
oirouit  for  any  transformer  of  tdie  closed  magnetic  drouit 
type,  we  shall  generally,  but  not'  always,  find  that  the  so 
calculated  value  of  the  current  is  less  than  the  observed 
value.  In  many  cases,  however,  the  ifom^ula  will  give  us  a 
fair  approximation  to  the  maximum  value  of  the  soHsalled 
magnetising  current.    Thus,  for  example,  take  the  case  of  the 

hh 
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bhuJI  Weetinghoufletranafonxier  employed  in  Byan's  experiment 
and  referred  to  in  §  1  of  this  chapter.  The  mean  lengtii  (i)  of 
the  magnetic  cirooit  is  31  centimetres,  the  cross  section  (S)  63 
square  centimetres,  and  the  number  of  turns  (N)  of  the 
primary  circuit  675.  The  frequency  (n)  was  138,  and  the 
value  of  E|  1,400  volts*  Insert  these  values  in  (7)  and  we 
have 

j_  1^x31x1400  139  .gy 

"8ir«x63x(675)«xl38x/*"  /i      *    '     ^  ^' 

The  maTimum  value  of  the  induction  density  was  in  (his 
case  nearly  4,000.  Corresponding  to  B*- 4,000,  the  static 
permeability  of  soft  iron  is  1,400.  If  we  put  /as  1,400  in  (8) 
we  have  I«-  *1  ampere^  whereas  a  reference  to  page  446  shows 
that  the  maximum  value  of  the  primary  ourxent  on  open 
aecondaxy  is  *21  ampere*  The  quality  of  the  iron  may, 
however,  have  been  inferior.  Moreover,  the  eddy  current  and 
hysteresis  loss  were  in  this  case  considerable.  If  we  give  ft  the 
value  of  700,  then  the  calculated  and  observed  values  of  I 
would  agree<  An  examination  of  other  cases,  however,  shows 
that  this  equation  (7)  will  give  a  fair  approximation  to  the 
observed  ounentt 

Mr.  Evershed  has  given*  the  data  of  a  30  horse-power 
Goolden-Bavenshaw  Transformer  as  follows : 

Mean  length  of  magnetie  drcait 145  cms. 

Oroas-seotional  area  of  the  magnetic  cir- 
cuit   •«••. • v....         95  sq.  cms. 

Total  volume  of  iron  in  core « 13,700  cc« 

Frequem^   • 70 

Primary  turns 680 

Secondary  turns 34 

Primary  volte 2,000 

Secondary  volts 100 

Primary  circuit  resistanoe *97  ohm« 

Secondary  drouit  resistance *003  ohm. 

Thickness  of  core  plates   *05  cm. 

IHm  load  output 22,400  watts. 

MaTimnm  vsluc  of  the  inductiou  density 

during  the  cyde 10,000  O.-G.-S.  units. 

MaTimiim  value  of  the  primary  KM.F.    2,800  volts. 

*  See  the  Mries  of  articles  od"  The  Magnetic  CSrcttit  of  TranafornMCS'* 
in  The  SUctrieian  for  February  and  March,  1891,  Vol  XXYL 
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Corxesponding  to  B-i  10,000,  we  have  a»"- 2,360.    Henoe, 

flubfititatiiig  the  proper  values  for  this  transfbimer  in  equation 

(7)s  we  have 

l(fi  X 145  X  2800 

^" 8  IT* X  96  X  (680)« X  70 X  2350" *^  "^P®"*- 

Hence  the  maximum  value  of  the  magnetising  current  is  *7 
ampere  and  the  Jmetai^  value  should  be  nearly  *6  amperi). 
The  actual  value  is  given  as  half  an  ampere.  In  the  case  of 
a  number  of  other  closed  circuit  transformers,  all  of  which  are 
worked  at  an  induction  density  of  about  4,000  or  6,000  C.-G.-S. 
which  have  been  examined  by  the  author,  the  above  rule  gives 
a  tderable  approximation  to  the  observed  magnetising  current. 
In  these  cases  it  was  found  that  by  taking  values  for  /s  about 
200  less  than  those  given  by  Ewing  fbr  the  softest  wrought 
iron,  a  very  close  approximation  to  the  value  of  the  open  circuit 
current  could  be  obtained.  The  rule  must  not  be,  however, 
applied  indiscriminately,  and  is  only  valid  for  oases  of  closed 
circuit  transformers,  having  cores  of  good  soft  iron  well 
laminated,  and  for  cases  in  which  the  magnetisation  of  the 
iron  is  not  carried  up  over  the  <'knee"  of  the  magnetisation 
curve. 

It  could  not  be  applied,  for  instance,  in  the  case  of  a  solid 
wrought  or  cast-iron  core,  for  in  this  case  the  resulting  calcu- 
lated value  of  I  would  be  very  far  below  the  real  or  observed 
value.  Such  a  case  is  obviously  not  really  that  of  an  open 
circuit  transformer  at  all,  for  the  eddy  currents  set  up  in  the 
core  are  true  secondary  currents  of  considerable  magnitude. 

The  equation  (7)  maybe  reducedto  another  form  by  express* 
ing  the  value  of  /a  as  a  function  of  B.  As  the  permeability  /» 
varies  with  the  induction  B,  we  may  express  fu  approximately 
as  a  function  of  B,  of  the  form 

M-«B^ -    (8), 

where  a  and  ft  are  constants.    To  find  the  values  to  be  given 

to  a  and  fi  we  may  proceed  thus :  Taking  logarithms  of  both 

sides  we  have 

lcg/»-loga+^logB  .    ....    (9). 

If  we  plot  this  ourve^  taking  the  values  given  by  Ewfaig  for 
/ft  and  Bf  we  find  that  it  is  approximatdy  a  straight  Biiei  and 

ll2 
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that  we  have  very  nearly 


5-6,  p. 


2 


«nd  hence 


5-6  B* 


(10). 


^  Calculating  by  this  formnlii^  Talues  of  ia,  and  oomparing  them 
with  the  observed,  we  find  a  fair  general  agreement^  e^>eciaUj 
between  B  - 1,000  and  B  -  6,000. 


Value 

cftlciibted  from 

B. 

Obsenred  value  of  ac 

equation  /ct  =^5^  B 1. 

1,000 

560 

560 

2,000 

880 

8SI0 

3,000 

1,160 

1,165 

4,000 

1,400 

1,410 

5,000 

1,600 

1,612 

6,000 

1,800    • 

1,848 

7,000 

1,960 

2,049 

8,000 

2,120 

2,240 

9,000 

2,280 

2,420 

10,000 

—  _ ...        — . i — 

2,350 

2,595 

From  B  =  1«000  to  B  »  5,000  the  constant  a  has  exactly  the 
▼alue  5*6,  but  from  5,000  to  10,000  the  observed  and  calculated 
Values  of  fi  agree  better  if  we  take  a  ••  5*3. 

If  we  take  0^5  and  fi»5B),  and  insert  this  value  of  ^ 
in  equation  (7),  we  can  reduce  it  to  another  useful  form  for 
practical  work.  ^ 

For  taking  equation  (1),  page  512,  viz.. 


ft       \ 


4ir-^i£»«^6 


<11).    • 


and  putting  /is 5  5)  we  have 


J         • 


20  A  ^  hi 


.     ,    <12).. 


If  we  put  I  for  the  maximum  value  iu  amperes  of  the  prioMJ 
current  of  the  transformer  in  open  secopdaxy  circuit,  and  B  for 
the  maximum  value  of  the  corresponding  maximum  induction 
density  in  C.-O.-S.  measure,  and  E  for  the  maximum  value  of  the 
impressed  primary  'eleotrbmotive  force,  then  we  reduce  the 
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equation  (12)  to  the  form 
and  tliis  laat  can  be  written 

^-^(^y  ■■■■  <»^ 

From  equation  (14)  we  can  deduce  very  approximately  the 
maTJmnm  value,  I,  of  the  primary  "  magnetising  current "  of  a 
transformer  when  we  are  given  the  maximum  value  E  of  the 
primary  electromotive  force,  and  the  dimension,  section  S  and 
mean  length  I  of  the  magnetic  circuity  the  number  of  turns  N 
of  the  primary  coil,  and  the  firequency  n. 

The  above  equation  (14)  is,  like  equation  (7),  only  applicable 
to  dosed  magnetic  circuit  transformers  with  good  soft  iron 
cores,  well  laminated,  and  in  which  the  ohmio  resistance  of  the 
wire  circuit  is  insignificant  in  comparison  with  the  impedance 
of  that  circuit.  But  under  these  circumstances,  when  eddy 
current  loss  is  small,  the  formula  (14)  is  useful  for  calculating 
the  open  circuit  current  both  for  transformers  and  for  choking 
coils. 

We  shall  now  point  out  another  means  by  which  the  mag- 
netising current  can  be  approximately  predetermined  if  the 
total  loss  in  the  core  is  known. 

If  hysteresis  and  eddy  current  energy  loss  were  entirely 
absent  from  the  core,  it  is  clear  that  the  whole  energy  conveyed 
to  the  primary  circuit  of  a  transformer  on  open  secondary 
must  be  simply  dissipated  in  heating  the  copper  of  the  primary 
circuit ;  and  hence,  if  this  copper  loss  is  also  small  the  actuid 
power  given  to  the  transformer  would  be  zero.  Under  these 
circumstances  the  phase  of  the  primary  currents  would  be 
very  nearly  90°  behind  that  of  the  impressed  electromotive 
force.  If  an  iron  core  so  well  laminated  that  eddy  current  is 
practically  absent  is  employed,  then  it  will  still  be  the  case 
that  the  instant  of  the  maximum  value  of  the  periodic  primary 
current  will  be  coincident  with  the  instant  of  zero  primary  elec- 
tromotive force,  even  though  the  form  of  the  primary  current 
curve  may  be  very  different  from  that  of  a  simple  sine  curve. 
This  is  ^PMB  even  though  the  magnetisation  of  the  core  is  carried 
up  very  much  above  the  "  knee  "  of  the  magnetisation  curve. 
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In  Fig.  48  is  shown  the  indicator  diagram  of  a  small  choking^ 
ooil,  or  transformer  with  no  secondary  circuit.  The  oore  was 
composed  of  fine  iron  wire  Na  36  gauge  in  diameter,  and  it 
was  one  of  the  coils  employed  by  Messrs.  Fortenbaugh  and 
Sawyer  on  the  experiments  described  on  page  481.  The  core 
consisted  of  fine  iroii  wire  wound  up  into  a  ring.  The  ring  was 
wound  over  with  insulated  wire^  and  the  choking  coil  sa  formed 
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Indicator  Diagram  of  Choking  Coil,  in  which  the  induction  is  carried  up  to 

about  17|000  or  18,000  C.-G.-S.  units. 

had  an  indicator  diagram  taken  by  Ryan's  method.     Tha 
dimensions  and  data  were  as  follows : — 

Mean  diameter  of  ring  core   

Area  of  cross  section  of  core  

Mean  length  of  magnetic  circuit  

Maximum  induction  density  in  core... 

Number  of  turns  of  wire 

Resistance 

Frequency. 

Impressed  E.M.F.  maximum  value ..« 
Mean  loss  in  the  core 


6-9  cm. 
3*14  sq.  cm. 
26-5  cm. 
17,800  O.-G.-S. 
200 
Negligible. 
92 

65  volts. 
'23  watt  per  co. 
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In  thia  fine  wire  core  eddy  onirent  loss  is  praotioally  absent  at 
this  frequency,  and  from  the  diagram  it  is  seen  that  although  the 
cwrteat  curve  is  very  far  indeed  from  being  a  sine  curve,  yet 
its  maximum  value,  of  5*9  amperes,  happens  at  the  instant  ol 
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zero  electromotive  force.  Another  such  diagram  for  a  similar 
core  is  shown  in  Fig.  49.  In  this  case  the  induction  density  is 
not  carried  up  so  high,  but  the  same  fact  may  be  noted,  viz., 


32 
S8 

,/' 

-^ 

-^ 

/ 

» 

^^ 

\ 

/ 

/ 

\ 

/ 
i 

^ 

H 

• 

1" 

,4 

/ 

/ 

\ 

^?5 

\ 

\ 

<    12 

j 

r 

<k 

A 

N. 

1* 

/ 

.^ 

'"■^ 

^^ 

s7o 

\ 

J 

/ 

r^ 

/ 

\ 

^ 

k 

\ 

Q 

^^ 

^1 

i 

— - 

-- 

'^\ 

-V— 

\ 

J 

1 

/ 

/ 
/ 

\ 

1 

^ 

1 

/ 

^ 

't  " 

f 

\ 

f 

/ 
/ 

6.600 
4.900 

4.200  ^ 

o 
3.600  g 

2,800 'g 

2.100 

1.400 

700 

0 


Fig.  50. 

that  the  maximum  value  of  the  current  happens  at  the 
instant  of  zero  electromotive  force.  If  we  next  consider  the 
action  of  the  eddy  currents,  we  shall  find  that  their  presence 
in  the  core  always  causes  the  phase  of  the  primary  current  to 
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be  advanced  or  brought  back  more  into  oonflonanoe  with  tha* 
of  the  impreBsed  eleotromotiYe  force. 

The  diagram  in  Fig.  50  is  the  indicator  diagram  of  a  ohokiny 
coil  composed  of  a  solid  cast-iron  core  wound  over  with  200 
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8       18       16 


Diagram  of  Static  Hysterans  (/finer  Curv^  and  Total  Lobb  {fhdktt 
Owrvt)  for  a  CaBt-Iron  Bing.  (Number  of  tunu  of  wire  in  xing^  200; 
■ection  of  ring,  VI  aq.  cm.) 

ioms  of  wire  of  negligible  resistance.  The  ring  had  a  mean 
diameter  of  8*6  centimetres,  and  a  cross  sectional  area  of  2*7 
square  centimetres.  An  alternating  electromotive  force  having 
a  frequency  of  195  was  applied  to  the  circuit,  and  the  diagram 
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of  onrrent  taken  by  Prof.  Byan.  In  this  case  the  eddyourrent 
loss  is  vexy  marked.  From  the  observed  valne  of  the  induo 
tion  density  B  and  the  primary  current  (t\  a  diagram  of  core 
losses  was  formed  (tee  Fig.  51),  the  outer  curve  being  the 
(B,  i)  curve,  and  the  inner  curve  the  curve  of  static  hysteresis 
deduced  from  separate  observations.  In  the  diagram  in  Fig.  51 
the  vertical  divisions  each  represent  0*0038  of  a  gauss,  and  the 
horizontal  ones  each  represent  4  amperes. 

.  The  whole  area  of  the  outer  curve  reckoned  in  gauss-amperes 
or  joules  is  nearly  *8  joule,  and  this  is,  therefore,  the  whole 
energy  wasted  in  the  core  in  one  complete  magnetic  cycl&  Since 
the  frequency  is  nearly  200  the  whole  loss  of  power  in  the  core  is 
nearly  160  watts.  This  experimental  determination  can  be 
compared  with  a  predetermination  of  the  core  loss.  From 
the  dimensions  of  the  ring  we  find  easUy  that  the  total  volume 
of  the  iron  is  73  cubic  centimetres.  The  diameter  of  the  cross 
section  of  the  ring  is  \/3-44  centimetres.  The  maximum 
value  of  the  impressed  electromotive  force  was  26  volts,  and 
that  of  the  induction  density  4,930  C.-G.-S.  units.  The  fre- 
quency was  195. 

The  eddy  current  loss  per  cubic  centimetre^  as  given  by 

equation  7  on  page  487,  is  -^—cPB^n^lQr^^  watts,  where 

16 

d  is  the  diameter  of  the  section  in  centimetres,  and  e  is 
the  specific  conductivity  of  cast  iron.  For  cast  iron  the 
value  of  cv'  is  very  nearly  10^.  Hence  we  have  the  total 
loss  in  watts  in  the  ring  due  to  eddy  currents  equal  to 

73  X 1^  X  3-44  Q^l^y  watts  - 144-5  watts. 

The  hysteresis  loss  by  Steinmetz's  law  is  equal  to  *016  n  B^*^  10^ 
watts  per  cubic  centimetre  for  cast  iron,  and  hence  the  tota 
hysteresis  loss  for  the  whole  ring  is 

73  X  -4L  ><  S  (4,930)i-«  - 18-5  watts. 
1,000     10^^         ' 

Therefore  the  total  core  loss  by  eddy  currents  and  hysteresis  is 

144*5 +  18-5 -163  watts, 

which  agrees  closely  with  the  result  of  experiment. 

The  magnetic  permeability  of  cast  iron  corresponding  to  an 
induction  of  5,000  C.-G.-S.  is  nearly  200.     If  we  attempt  to 
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oaloulate  the  current  through  the  circuit  when  a  periodie 

electromotive  force,  having  a  maTimnm  of  26  volts,  is  applied 

to  the  coil,  we  shall  find  that  we  get  a  value  far  below  the 

observed  value.    For  if  we  insert  in  formula  (7)  the  proper 

values,   viz;,  E»26,  /-27,  »»195,  S»2«7,  N  0-200,   and 

/A»200,  we  get 

j^ IQg  X  27  X  26 ^2 

"  8  X  9-87  X  2-7  x  200  x  (200)2  x  195  "    ^'^P^'^ 

whereas  the  observed  maximum  value  of  the  current  is  about 
14  amperes.  This  is  because  the  immense  eddy  current  loss 
of  144  watts  renders  the  choking  coil  virtually  a  transformer 
with  a  closed  secondary  circuit. 

We  shall  now  proceed  to  point  out  an  empirical  rule  which 
will  in  nearly  all  cases  enable  the  total  core  loss  to  be  predicted 
when  the  so-called  **  magnetising  cuirent"  is  given,  and  vice 
vend,  provided  that  the  iron  circuit  is  a  dosed  circuity  and  that 
the  iron  is  fairly  well  laminated.  Under  these  circumstances 
we  have  shown  that  the  total  loss  in  the  core  can  be  calculated 
from  the  core  dimensions  and  from  the  secondary  electromotive 
force.  If  the  reader  will  refer  back  to  Fig.  13,  p.  455,  in  which 
is  shown  the  harmonic  analysis  of  the  primaiy  current  of  a 
transformer  on  open  secondary,  he  will  see  that  the  current 
curve  can  be  analysed  into  a  principal  sine  curve  which  lags 
one-eighth  part  of  a  phase  behind  the  impressed  electromotive 
fbrce,  and  tdso  into  two  smaller  components.  The  principal 
sine  curve  has  a  maximum  value  a  little  less  than  that  of  the 
actual  current  curve.  The  mean  power  given  to  the  trails- 
former  during  one  period  is  obtained  by  taking  the  mean  of 
the  values  of  the  equally-spaced  instantaneous  currents  and 
corresponding  electromotive  forces.  It  is  quite  evident  that 
it  is  possible  to  so  place  a  true  sine  curve  of  current  with 
reference  to  the  electromotive  force  curve  that  the  mean 
power  represented  by  this  equivalent  sine  current  is  the  same 
as  that  due  to  the  actual  current.  It  is  also  evident  that  a 
simple  sine  curve  having  the  same  maximum  ordinate  as 
the  real  current  curvQ^  but  placed  one-eighth  part  of  a  com- 
plete period  in  phase  behind  the  impressed  dlectromotive 
force  curve,  would,  if  it  represented  a  current,  be  equivalent 
in  mean  power  to  the  actual  current.  Let  E  be  the  maxi- 
mum value  of  the  electromotive  force,  and  let  it  vary  in 
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a  simple,  periodic  manner.     Then  — j=-  is  the  ^mean'  value 

of  this  electromotive  force.  It  is  the  value  which  would  be 
read  on  a  Gardew  voltmeter  or  dynamometer.  In  the  same 
way  if  I  is  the  maximum  value  of  the  equivalent  simple 
periodic  current  of  equal  power  value  with  the  real  current, 

— j=r  is  its  Jme&VL^  value.  If  fl  is  the  angle  of  phase  differ- 
ence between  E  and  I,  and  W  is  the  true  value  of  the  power 
given  by  the  currents  I,  we  have  seen  (Vol.  I.)  that 

J|^4=.cos^=W. 
^/2    V^ 

It  is  convenient  to  call  W  the  real  toatts,  and  the  simple 

product  of  the  ^mean^  values  of  E  and  I,  viz. :  the  product 

E        I 
—7=.  •  —j=^  the  apparent  watts.    The  cosine  of  the  angle  of  lag  in 

this  case  is  the  ratio  of  real  to  apparent  watts.*  The  apparent 
watts  are  the  simple  product  of  the  volts  as  measured  by  a  hot 
wire  or  Cardew  voltmeter,  and  the  current  as  measured  by  a 
Siemens  dynamometer.  In  nearly  all  cases  of  dosed  iron  circuit 
transformers  with  fairly  well-laminated  cores  it  will  be  found 
that  the  ratio  of  the  real  watts,  or  true  mean  power  taken 
up  in  the  core  when  the  transformer  is  on  open  secondary 
circuit  to  the  apparent  watts,  or  product  of  the  primary 
working  volts  and  the  magnetising  current  as  read  on  the 
usual  instruments,  will  be  a  number  not  far  removed  from 
0*75,  or  somewhere  between  0*7  and  0*8;  that  is  to  say, 

near  to  "-7=.    This  number  is  the  cosine  of  45"*,  and  the  rule 

in  effect  comes  to  this  : — The  real  power  taken  up  in  the  core 
is  that  which  would  be  given  to  the  transformer,  if  we  suppose 
the  magnetising  current  to  be  a  simple  sine  curve  current,  and 
to  lag  about  45'  behind  the  impressed  electromotive  force.  In 
order  to  show  that  this  is  so,  we  shall  compare  the  actual  power 
taken  up  in  the  core  (which  includes,  of  course,  any  small  loss 

*  When  a  current  curve  is  a  true  sine  curve,  its  lag  with  respect  to 
another  true  sine  curve  representing  electromotive  force  or  current  has  a 
definite  meaning.  If  it  is  not  a  true  sine  curve  then  the  lag  of  its  maximum 
value  and  of  its  zero  value  is  not  the  same  thing. 
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in  the  primaiy  oironit)  of  transformers  on  open  seoondarj 
oircoit  with  the  product  of  the  ^mean*  values  of  the  primary 
electromotive  force  and  the  magnetising  current^  and  show 

that  the  ratio  is  in  all  cases  not  far  from  —7^  «  0*707. 

n/2 


Tranfl- 
former 
tested. 


^estinghouse 

1H.P. 
Mordey   

8H.P. 
Stanley    

2H.P. 
W^tiDghouse 

2H.P. 
Slattery  

2i  H.P. 
l^ational 

2iH.P. 


Pnmaiy 
▼olta. 

value 
=E. 

Primary 
(xnagnetiB- 

ing) 
current. 

j^meaa' 
value 

1,000 

014 

2,400 

007 

1,000 

0-063 

1,000 

0061 

1,000 

0-056 

1,000 

0112 

JRealvxUUt 
or  true  mean 
power  taken 

up  in  the 

transformer 

(core)  on  open 

secondary 
circuit  =sW. 


95-7 

174 

37-6 

4d 

45-5 

76  0 


Apparent 
toatU,  or 
product 
of  E  &  I, 


=  P. 


Ratio 
W 

spoufer 
fador* 


0-68 

0-72 

0-707 

0-79 

0-81 

0-67 


The  results  from  many  other  closed  magnetic  circuit  trans- 
formers tested  are  in  the  same  direction,  and  show  that  for 
most  ordinary  types  of  well-laminated  closed  iron  cores  the 
relation  between  primary  volts,  magnetising  current,  and  total 
loss  in  the  transformer  on  open  secondary  circuit  is  expressible 
by  the  empirical  formula 

Primary  volts  x  magneHdng  cwrrmt  x  P=  |    ?^  trJuf^imt' 


The  volts  and  current  values  being  the  ^mean^  values  or  the 
dynamometer  values;   and  the  constant  P  having  a  value 
varying  from  about  0*7  to  0*8.     P  may  be  called  the  povfer 
/actor  of  the  current. 

In  cases  where  the  eddy  current  loss  is  very  large,  as  in  the 
case  of  the  cast-iron  ring  above  mentioned,  the  power  factor  in 
the  above  formula  is  much  more  nearly  unity  than  0*7.  Thus, 
for  the  cast-iron  ring  (Fig.  50,  ante)^  the  ^rnean^  value  of  the 
current  is  8*6  amperes,  maximum  value  being  14  amperes. 
The  ^mean^  value  of  the  primary  electromotive  force  is  18-6 
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volts,  and  18'5  x  8*6  =  159.  The  apparent  watts  are  therefore- 
159,  whilst  the  real  watts  taken  up  were  found  to  be  160.  Oa 
the  other  hand,  for  open  circuit  transformers,  when  on  open 
secondaxy  circuit,  the  power  factor  is  found  to  be  much  lesft 
than  0*7,  often  as  low  as  0*1. 

A  series  of  very  instructiTe  experiments  on  a  simple  form  of 
1 : 1  open  circuit  transformer  were  made  by  Mr.  Bob^rt  Shand 
in  1891.*  Mr.  Shand  employed  a  simple  straight  double 
helix  of  insulated  wire.  A  tube  was  wound  over  with  two 
equal  circuits  of  insulated  wire.  The  resistance  of  each  circuit 
was  approximately  0*25  ohm.  The  hollow  cylinder  on  which 
they  were  wound  had  a  length  of  7  inches,  and  an  opening 
through  its  centre  2  inches  in  diameter,  into  which  iron  core» 
of  yarious  kinds  could  be  drawn.  Arrangements  were  made 
by  which  alternating  currents  could  be  sent  through  one  coil 
under  a  constant  pressure  of  100  volts  and  a  secondary  of 
various  magnitudes  drawn  off  from  the  secondary.  By  means 
of  a  non-inductive  wattmeter  the  power  supplied  to  the 
primary  and  that  given  out  by  the  secondary  was  approxi- 
mately measured.  In  the  first  experiment  no  iron  core  was 
used  at  all.  In  the  second  an  iron  wire  core  of  the  same 
length  as  the  coils,  viz.,  7  inches,  was  put  in.  In  the  third 
an  iron  wire  core  nearly  twice  as  long  as  the  coils,  viz.,  IS 
inches,  was  used,  and  in  the  fourth,  the  ends  of  the  last  long 
core  were  bent  out  like  a  thistlehead  radially,  as  in  a  Hedgehog 
Transformer. 

The  primaxy  current  found  flowing  •  when  the.  secondaiy 
circuit  was  left  open,  under  these  various  conditions,  js  shown 
in  the  table  on  p.  526,  Vmean^  values  of  currents  and  volts 
being  understood. 

Considering  these  experunents  as  different  cases  of  straight 
or  open-circuit  choking  coils,  we  see  how  vexy  different  is  the 
current  flowing  through  the  ptimaxy  circuit  under  lihe  same, 
or  neaxly  the  same,  impressed  alternating  electromotive  force. 
The  last  observation  especially  shows  how  considerably  the 
open-circuit  current  is  xieduofid  by  "Hedgehogging".the  ehds 
of  t^e  wires  projecting  beydnd  the  ends  of  the  coil    For  the 
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*  Beb  The  EUetrieian,  Tol.  XXVI.,  p.  675,  April,  1891,  aUo  Electrical 
WWii  of  Kew  York,  189L        -  -    . 
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last  oase,  wbioh  is  a  practical  one,  we  see  also  that  the  powet 
factor  is  only  abont  0-13,  or  something  rather  more  than  one 
fifth  of  that  which  it  would  be  if  the  magnetic  circuit  were 
wholly  of  iron. 


Primary 
electro- 

motive 
force  in 

volts. 

Primary 
current 

in 
amperea. 

.Power. 

absorbed 

in  watts 

in  primary 

ooiL 

Remarks. 

100 
104 

104 

100 
100 

52 
16-6 

14 

78 
8-27 

657 

108 

86 

45 
48 

No  iron  core  used.  Primary  cnxmit  had 
a  resistance  of  about  0*25  ohm. 

Small  iron  core,  7in.  long,  inserted  in 
bobbin.  Core  same  length  as  coils. 
Itfazimum  induction  in  centre  of  cores 
28,000  C.-G.-S.  per  sq.  cm. 

Thicker  core,  Tin.  long  employed.  Maxi- 
mum inductions  14,000  0.-G.-S,  per 
sq.  cm.  in  centre  of  core. 

Iron  wire  core,  ISin.  long.  Inductions 
6,800  C.-G.-S.  in  centre  of  core. 

Same  core  as  above,  but  wires  at  ends 
spread  out  radially.  Induction  in 
centre  of  cores  6,800  C.-G.-Sw 

The  values  of  the  primary  and  secondary  quantities  for 
model  Hedgehog  Transformer  for  yarious  primary  currents 
were  found  to  be  as  follows  :— 

Efficiency  (U  Various  Loads  of  111  Hedgehog  Trasuformer. 


Frimaiy 
electro- 
motive 
force  in 

TOltS* 

Primazy 
Currents 

in 
amperes. 

Power 

given  to 

primary  in 

watts. 

Secondary 
Gorrent 

in 
amperes. 

Power  given 

to  external 

seoondaiy 

circuit  in 

watts. 

in 
per  cents. 

100 
100 
100 
100 
100 
100 

8-« 

8-9 

4-4 

6-7 
U-2 
16*3 

43 

142 

268 

674 

1,078 

1,660 

¥24 
6-3 
10-3 
16-3 

221 

618 

994 

1,419 

82*6 
90-2 
92-2. 
91-6 

The  remarkable  &ot  about  these  figures,  in  so  f^  as  this 
method  of  measuring  the  power  is  tmstwortbyi  is  that  they 
show  a  great  deorease  in  the  iron  losses  as  the  secondaiy 
load  increases.  For  whereas  when  the  secondary  circuit  is  open 
the.  losses  in  the  primary  copper  circuit  are  (3*27)' x  0-25  •-2*6 
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watts  nearly,  loaving  about  40  watts  for  the  iron;  at  fqll 
load  the  copper  losses  in  primary  and  secondary  together  are 
{(16-3)>  + 15-3)^}  X  0*25-125  watts  nearly ;  and  hence  the  loss 
in  the  iron  is  only  1550-1419-125-6  watts. 

For  the  last  four  observations  in  the  table  corresponding  to 
steadily  increasing  secondary  currents,  we  have  the  copper  and 
iron  losses  as  follows : — 

Irtm  Cere  Losses  of  Model  Hedgehog  111  Transformer. 


SeoondaiT 

currents  m 

amperes. 

Total  oopper 
losses  Id  watts. 

BzterDal 
secondaiy  cir- 
ouit  losses  in 

watts. 

Iron  core 
losses  in 

watts. 

Total  power 
given  to  prim- 
ary in  watts. 

2*24 
5-3 
10-3 
15*3 

61 
18*2 
57-9 

125 

221 

518 

994 

1,419 

41 

38 

26 

6 

268 

572 

1,078 

1,550 

In  the  above  table  a  decreasing  loss  in  the  iron  is  apparently 
shown* 

The  general  predetermination  of  the  primary  currents  for  a 
tTADsformer  of  any  form,  open  or  dosed  magnetic  circuity  on 
open  seoondazy  cirouiti  is,  however,  a  difficult  problem,  and 
can  hardly  be  said  to  be  entirely  solved. 

§  12.  Design  of  Transformers. — ^Full  Spedilcation. — ^We 
may  now  pass  on  to  consider  the  full  specification  for  a 
transformer.  Let  it  be  required  to  design  a  transformer,  say, 
for  transforming  W  watts  of  electric  power  from  a  pressure  of 
El  volts  to  one  of  E,  volts.  Required  to  find  the  sizes  of 
wires  and  numbers  of  turns  of  the  two  circuits,  and  the  size  of 
the  core  and  waste  of  energy  in  it,  under  the  conditions  thai) 
the  maximum  induction  density  in  the  core  shall  not  exceed 
B  G.43.-S.  units  and  the  current  density  in  the  circuits  not 
exceed  1,000  amperes  per  square  inch*  Let  other  limitations 
imposed  be  that  the  waste  of  energy  in  the  copper  shall  not 
be  more  than  2  per  cent,  of  the  full  load. 

Sinoe  the  transformation  ratio  and  power  are  known  we  may 
take  it  that  approximately  the  f  ull«load  primary  current  will 

W 

be  ^  amperes,  and  the  full-load  secondary  current  a  little 
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less  than  g^  amperes.    Let  I^  be  the   ^mean'  value  of  th» 

full  load  prioiazy  current  and  R^  the  reuBtance  of  the  primary 
circuit,  and  let  I2  and  R^  be  the  same  quantitieB  for  the 
aeoondary  circuit.  Furthermore,  let  Np  Nj  be  the  number  of 
turns  of  wire  on  these  circuits,  and  L^  L^  the  lengths,  and 
iTp  (Tji  the  cross-sections  of  these  wires. 

At  full  load  the  total  rate  of  dissipation  of  energy  in  the 
copper  circuits  is 

But,  Ri-^^        R,--^ 

metre  of  copper  at  ordinary  temperatures — that  is,  the  resist- 
ance of  one  cubic  centimetre  in  ohms  across  opposed  faces. 
Substituting  these  values  of  R^  and  R,,  we  have 

D-Vi«i  +  -VI,^ (1) 

Now  -I  and  -^  are  the  current  densities  in  these  wires.    This 

current  density  ought  not  to  exceed  1,600  amperes  per  square 
inch,  or  240  amperes  per  square  centimetre. 


Put,  therefore,  II  -  li  -  240, 

jBnd  we  have 

jj„240xl6ji^^^^j^y    •    •    •    •    <2) 

But  in  practice  I^  ^^  will  always  be  nearly  equal  to  I^l^. 
Hence  we  arrive  at 

®*®  ii^ <») 


^erefore 
and 
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These  last  three  equations  give  us  the  length,  section,  and 
resistance  of  the  primary  wire  when  we  know  the  fall  load  , 
primary  current  and  the  total  power,  D,  permitted  to  be  dissi- 
pated in  the  copper  circuits  when  the  transformer  is  fully 
loaded. 

For  example,  let  us  take  the  case  of  a  30  H.-P.  closed-circuit 
transformer  and  find  all  the  quantities. 

The  full  load  of  the  transformer  is  30  H.-P. »  22,400  watts. 
Suppose,  as  most  likely,  that  300  watts,  or  say,  1*3  per  cent,  of 
the  full  load,  is  to  be  allowed  to  be  wasted  in  the  copper  circuits 
at  full  load,  and  that  the  transformer  is  to  be  designed  for  con- 
verting from  2,000  volts  to  100.  Then  the  full  load  primaiy 
current  1^  is  12  amperes.     Therefore  we  have 

L  =  ^^^  ^  '^^^  =  30,000  centimetres. 
^      868  X 12 


12 


'05  square  centimetre. 


240 

E,  =  i^,  ^        =-96  ohm. 
^     107  o-i 

This  gives  us  the  l^igth,  section,  and  resistance  which  the 
primary  circuit  ought  to  have.  Having  found  the  dimensions  of 
the  primary  circuit,  we  may  obtain  approximately  those  of  the 

seoondaiyby  the  division  of  l^  by  the  transformation  ratio  ^  and 

multiplication  of  o*^  by  the  same  fraction.  Thus  for  the  above 
transformer,  the  length  of  the  secondary  will  be  1,500  centi- 
metres, and  its  section  1  square  centimetre,  and  its  resistance 
-0024  ohm. 

The  next  step  is  to  find  the  dimensions  of  the  magnetic  cir- 
cuit. These  are  easily  found,  thus: — The  primary  electro- 
motive force  is  to  have  a  ^mean^  value  in  volts  equal  to  E^. 
Hence,  its  maximum  value  is  J2  E^.  If  the  maximum  value 
of  the  induction  density  is  B,  and  if  SL  is  the  cross-section  of 
the  magnetic  circuit,  then  the  value  of  the  quantity  p  B  S  N^ 
. is  always  nearly  equal  numerically  to  10^  J2  E^,  where p  =  2irn 
and  Nj  is  the  number  of  primary  turns,  and  B  is  measured  in 
C.-G.-S.  units.    Hence, 

SNi  =  108>^?l (5) 

p  B 

MM 
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If  we  suppose  the  cross-seotion  of  the  magnetic  circuit  to  be 
a  square,  whose  side  has  a  length  JS,  then,  since  ^  is  the  length 
of  the  primary  wire,  we  have,  vexy  nearly. 

Therefore  from  (5)  and  (6) 

^-•-^^ (7) 

This  gives  us  the  area  of  cross-section  of  the  magnetic  circuit. 
For  instance,  for  the  transformer  referred  to  above,  we  have 
El  -  2,000,  B  - 10,000,  n  -  70,  p  -  440,  and  Z^  -  30,000. 

,g-_    5-66x2000x10;^  _  ^  centimetres  nearly. 
••^      440x10000x30000  ^ 

Therefore,  the  magnetic  circuit  should  have  a  cross-sectional 
area  of  80  or  90  square  centimetres. 

To  find  the  mean  length  of  the  magnetic  circuit  we  must 
know  the  volume  of  the  iron.  This  we  can  find  at  onoe  if  we 
know  what  total  loss  is  to  be  allowed  in  the  iron.  For,  sup- 
posing 2  to  be  the  mean  length  of  the  magnetic  circuity  then 
S  /  is  very  nearly  the  volume  of  the  iron,  and  if  the  total  loss 
to  be  allowed  in  the  iron  is  given  and  the  maximum  induction 
density,  we  can  find  the  total  volume  of  the  iron  which  will 
permit  this  to  be  the  case.  We  have  seen  (see  page  493, 
equation  21)  that  we  can  calculate  from  the  frequency,  dimen- 
sions of  iron  bands,  and  the  maximnm  induction  density,  the 
loss  in  watts  per  cubic  centimetre  in  the  core  due  to  eddy 
currents  and  hysteresis.  On  applying  this  formula  to  teal 
Cases  we  find  that  the  loss  in  laminated  iron  cores  of  the  usual 
kind,  worked  at  the  usual  induction  densities,  varies  between 
one  watt  per  20  cubic  centimetres  of  iron  to  one  watt  per 
50  cubic  centimetres  of  iron.  This  last  is  a  liberal  allowance. 
Hence,  if  we  know  the  total  loss  in  watts  to  be  allowed  in  the 
transformer  core  and  multiply  this  by  40  or  50,  we  shall  have 
a  good  approximation  to  the  volume  of  the  iron  necessary. 
If  we  take  50  cubic  centimetres  per  watt  we  shall  not  be 
stinting  the  core  of  iron.  In  the  ptesent  case^  take  30  cubic 
centimetres  per  watt.  In  the  case  of  the  transformer  con- 
sidered, viz.,  a  22*4  unit  one,  we  allowed  300  watts  to  be 
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wasted  in  copper  losses.  Let  500  watts  be  decided  upon  as 
allowable  for  the  iron  losses.  We  have  then  to  ask,  what 
volume  of  iron  will  allow  0*033  watt  to  be  wasted  per  cubic 
centimetre*    Obviously, 

500 


•033 


15,000  cubic  centimetres. 


Therefore,  since  the  volume  of  the  iron  is  S  2, 

82-15,000 

and  if  S  is  taken  as  equal  to  about  90  square  centimetres,  we 
have 

2>"166  centimetres  nearly. 

Hence  the  mean  length  of  the  magnetic  circuit  must  be  166 
centimetres. 


Fig.  52.~Diagram  of  Core  Plate. 

We  can,  therefore,  draw  the  section  of  the  iron  core,  or 
outline  of  the  core  plates.  It  will  be  as  in  Fig.  52.  The 
central  web  must  have  a  width  of  10  centimetres,  and  the  other 
dimensions  must  be  so  arranged  that,  whilst  the  apertures  in 
the  plate  (shaded  portions)  have  a  maximum  area,  the  length 
round  the  dotted  line  is  not  more  than  say  150  centimetres. 
It  is  obvious  that,  whilst  still  maintaining  the  necessary  length 
of  magnetic  crcuit,  it  is  possible  to  vary  the  relative  magnitudes 
of  the  sides  a  and  b  of  the  rectangular  holes.  But  since  all 
the  wire  to  be  wound  on  the  transformer  has  got  to  be  wound 
through  these  holes,  it  will  be  often  necessary  to  so  choose  a 

MM  2 
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and  5  that  we  get  the  maximum  size  of  aperture  in  area  con- 
sistent with  maintaining  the  magnetic  circuit  length  constant, 
and  to  do  this  by  making  a  equal  to  6.     We  have  then  finally 

to  know  the  number  of  turns  of  wire  in  each  circuit. 

I 

Roughly  speaking,  this  will  be  equal  to  - — ;=r,  where  I  is  the 

length  of  the  wire  and  ^S  is  the  length  of  the  side  of  the 
section  of  the  magnetic  circuit.  If  /  is  equal  to  30,000  centi- 
metres, as  above  found  for  the  transformer  in  question,  this 
rule  gives  us  N^  =  750  as  the  approximate  number  of  primary 
turns,  and  hence  N^a  37  as  the  approximate  number  of  secon- 
dary turns. 

We  have  found,  then^  the  length,  size,  resistance,  and  number 
of  turns  of  each  circuit,  and  the  dimensions  of  the  magnetic 
circuit. 

We  can  then  calculate  the  relative  volumes  of  iron  and 
copper.  Taking  the  case  in  consideration,  we  find  the  total 
volume  of  copper  to  be  3,000  cubic  centimetres,  and  that  of 
the  iron  14,300  cubic  centimetres.  A  little  consideration  wiU 
show  that)  since  the  wire  on  the  coils  has  all  to  be  wound 
through  the  aperture  in  the  core,  the  limitation  to  the  dimi- 
nution of  the  core,  and  therefore  to  the  loss  in  the  iron,  is  to 
be  found  in  the  necessity  for  having  a  certain  sized  hole  to  get 
the  wire  wound  througL  If  we  calculate  the  area  of  copper 
exposed  on  cutting  through  the  whole  of  the  coils  by  a  diametral 
cut  in  the  case  of  the  transformer  considered,  we  shall  find  that 
it  amounts  to  about  74  square  centimetres,  and  even  if  we 
allow  three  times  this  area  for  insulation,  there  will  still  be 
abundance  of  room  left  in  the  aperture  of  32  x  32  centimetres 
to  get  all  the  wire  laid  in.  Hence  in  this  case  we  could  with 
advantage  reduce  the  iron  volume  and  waste  less  in  the  core. 
It  would  require  further  considerable  discussion  to  show  how 
the  best  dimensions  of  the  core  can  be  obtained.  It  may  be 
pointed  out^  however,  that  the  above  rough  sketch  of  a  prede- 
termination of  the  constants  of  a  transformer  shows  that  if  we 
are  given — 

(1)  The  primary  and  secondary  electromotive  forces; 

(2)  The  required  output  of  the  transformer ; 

(3)  The  amount  or  fraction  of  the  energy  so  transformed  to 
be  wasted  in  the  copper  circuits ; 
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(4)  The  amount  of  energy  to  be  wasted  in  the  iron  circuit ; 

(5)  The  maximum  induction  density  to  be  allowed ; 

(6)  The  frequency  of  the  alternations ;  and  thickness  of  core 
plates. 

We  can  then  calculate — 

(1)  The  lengths,  oross-sectionSy  resistances,  and  number  of 
tnms  of  the  primary  and  secondary  circuits ; 

(2)  The  length  and  cross-section  of  the  magnetic  circuit ; 

(3)  The  waste  in  the  transformer  on  open  circuits ; 

(4)  The  approximate  primary  current  on  open  seoondBiy 
•circuit. 

(5)  The  "drop  "  ui  the  secondary  electromotive  force  as  far 
as  regards  the  loss  in  the  copper  of  the  secondary  circuit. 

The  designer  of  a  transformer  has  generally  to  steer  a  course 
■between  conflicting  or  opposing  conditions  of  design.  He  may 
aim  at  obtaining  some  one  definite  result^  or  he  may  try  to 
•combine  these  di£ferent  conditions  so  as  to  obtain  the  best  all- 
round  combination.  He  may  design,  for  instance,  for  high 
•efficiency  at  light  loads,  regardless  of  magnitude  of  magnetising 
current  or  of  "drop;"  or  he  may  aim  at  a  high  maximum 
-efficiency  and  small  "  secondary  drop,"  and  leave  the  all-day 
•efficiency  to  take  care  of  itsell  Again,  it  is  a  distinct  advan- 
tage in  one  way  for  the  iron  core  of  a  transformer  to  get  hot 
In  working,  because  it  blocks  out  eddy  current  loss  by  lowering 
^e  conductivity  of  the  iron,  but  in  another  respect  it  may  be 
Tory  disastrous  to  the  insulation  for  it  so  to  do. 

As  far  as  regards  minimising  energy  losses,  the  iron  core 
should  be  run  as  hot  and  the  copper  as  cool  as  possible,  and 
an  ideal  transformer  should  therefore  have  the  iron  enclosed 
and  the  copper  ventilated.  In  the  smaller  sizes  of  transformers 
the  iron  core  losses  will  always  be  relatively  greater  than  in 
larger  ones.  A  transformer  for  250  watts  (5-light)  can  hardly 
be  made  to  lose  less  than  20  watts  in  the  core,  but  a  500^watt 
transformer  can  be  made  to  lose  not  more  than  25  watts,  and 
4k  2,000  watt  not  more  than  45  watts.  Hence,  supposing  that 
in  each  case  the  loss  in  the  copper  is  2  per  cent.,  we  shall  find 
ihe  full  load  efficiencies  come  out  respectively  90,  95^  and  95*7 
j)er  cent.,  larger  sizes  being  similarly  still  more  efficient. 

With  respect  to  magnetising  current  we  have  seen  that  for 
'dosed  circuit  transformers  a  large  magnetising  current  means 
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proportionate  loss  in  the  core.  The  magnetising  current  can 
be  reduced  by  increasing  the  number  of  primary  turns ;  but 
then  the  secondary  turns,  and  hence  the  secondary  ohmic  drop, 
b  likewise  increased.  The  only  way  in  which  this  last  can  be 
then  also  diminished  is  by  increasing  the  section  of  the  copper 
in  the  secondary  circuit,  and  so  again  reducing  the  secondary 
resistance.  This  would  involve,  of  course,  an  increase  of  cost.. 
In  the  case  of  large  sub-station  transformers  it  may  be  worth 
while  to  incur  this  outlay  to  reduce  the  copper  and  iron 
losses  to  the  lowest  possible  amount.  These  may  be  roughly 
taken  at  one  watt  per  pound  weight  for  the  iron  core,  and 
between  four  and  five  watts  per  pound  weight  for  the  copper 
when  the  current  density  is  taken  at  1,500  amperes  per  square 
inch. 

The  best  ratio  of  iron  to  copper  loss  can  only  be  found  by 
trial.  Generally  speaking,  we  may  say  that  a  high  "  all-day  " 
efficiency  cannot  be  obtained  unless  the  iron  losses  are  kept 
small.  Hence  some  designers  have  sought  for  the  solution  of 
a  high  ''all-day"  efficiency  by  employing  open  iron  circuit 
transformers.  In  so  doing,  however,  they  meet  with  another 
difficulty,  viz.,  that  they  then  encounter  a  large  magnetising 
current.  It  is  true  that  this  current  is  a  current  having  a 
small  power  factor,  or  is  a  "wattless "  current  when  in  the 
transformer ;  but  it  is  not  "  wattless  "  in  the  mains  and  arma* 
ture  circuits,  and  a  large  "  magnetising  current "  means,  there- 
fore, an  increased  loss  in  transmission,  and  a  lowered  plant 
efficiency.  Condensers  in  parallel  with  the  transformer  have 
then  been  proposed  as  a  means  of  extricating  the  open-circuit 
transformer  from  this  difficulty.  It  is  pretty  clear,  however^ 
that  all  dielectrics  possess  some  hysteresis,  and  Mr.  Steinmets 
has  shown  that  this  dielectric  hysteresis  increases  as  the  square 
of  the  electromotive  force.  Hence,  if  this  is  the  case,  unless 
we  can  find  a  dielectric  which  will  bear  working  at  1,000  or 
2,000  volts  with  negligible  hysteresis,  it  may  happen  that 
the  energy  loss  is  merely  shifted  from  one  place  to  ^e  othei^ 
and  that  a  closed  iron  circuit  transformer  with  magnetic 
hysteresis  and  small  magnetising  current  is  as  good  or  better 
than  an  open  iron  circuit  tranformer  with  large  ''wattless** 
magnetising  current,  plus  a  condenser  having  some  dielectric 
hysteresis  working  with  it  We  may  avoid  Scylla  but  &11  upoa 
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Charybdis.    There  is  room  for  more  inyestigation  before  these 
points  are  settled. 

One  of  the  most  important  matters  to  which  the  designer 
of  transformers  has  to  direct  his  attention  is  the  proper  and 
efficient  lamination  of  the  iron  core  of  the  transformer.  In 
many  existing  types  of  commercial  transformer  the  neglect  of 
attention  to  this  point  greatly  reduces  the  efficiency  of  the 
apparatus  by  permitting  iron  core  losses  of  unnecessazy  magni- 
tude to  exist.  Some  approximate  working  formulae  bAve  been 
given  in  Section  7  of  this  chapter)  which  enable  the  eddy 
current  and  hysteresis  losses  to  be  roughly  determined  for, 
thin  iron  plates  and  wires. 

A  full  and  general  investigation  of  the  behaviour  of  iron, 
to  magnetising  force  has  been  made  by  Proi  J»  J»  Thorn* 
son,*  which  demonstrates  in  the  most  complete  manner  the 
necessity  for  very  fine  lamination  in  the  iron  plates  or 
wire  employed  for  transformer  cores.  Reference  has  already 
been  made  to  the  fact  that  when  an  alternating  magnetis- 
ing force  is  applied  to  an  iron  rod  or  plate  the  eddy 
currents  set  up  in  the  superficial  portions  of  the  iron 
more  or  less  screen  the  interior  parts,  and  the  induction 
in  the  iron  is  consequently  unequally  distributed.  In 
fact,  there  is  a  complete  analogy  between  the  manner 
in  which  an  alternating  electromotive  force  applied  to  a 
conducting  circuit  creates  a  periodic  current  in  a  conductor 
and  the  manner  in  which  an  alternating  magnetising  force 
applied  to  a  magnetic  circuit  creates  magnetic  induction  in 
magnetisable  materiaU  For  the  electromotive  force  establishee 
a  current  of  such  kind  that  the  amplitude  of  the  wave^  or 
maximum  value  of  the  current  strength  during  the  period| 
diminishes  as  we  pass  from  the  surface  to  the  centre  of  the 
conductor,  and  moreover  the  phase  of  the  current  undergoes  a 
retardation.  At  the  surface  the  current  strength  is  greatesti 
and  at  the  centre  of  the  conductor,  if  of  sufficiently  great 
diameter,  and  the  frequency  be  great  enough,  the  current 
strength  may  be  practically  zero.  Quite  similar  is  the  distri- 
bution of  magnetic  induction  under  the  influence  of  periodic 
magnetising  force,  and  Prof.  Thomson's  equations  permit  us  to 

*  See  The  EUctrieian  for  April  8, 1892,  p.  699,  Vol.  XXYIII 
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calculate  the  gradually  decFeaaing  maximum  induotioii  denaitj 
as  we  proceed  from  surface  to  centre  of  the  iron,  Henoe,  it 
the  iron  plate  or  wire  is  thic^  enough  the  central  portions 
practically  may  not  be  magnetised  at  all  under  a  periodic 
magnetising  force,  and,  as  Prof.  Ewing  has  pointed  out^*  the 
result  is  that  to  obtain  a  given  mean  magnetic  induction 
we  have  to  increase  the  superficial  magnetising  force  to  a 
Taluo  greater  than  would  be  necessary  if  this  screening  did 
not  occur. 

This  crowding  of  the  induction  to  the  superficial  portions 
of  the  iron  has  the  effect  also  of  increasing  the  energy 
waste  due  to  hysteresis  proper,  just  as  in  the  analogous  case 
of  the  current  distribution,  the  energy  waste  due  to  ohmic 
resistance  is  increased  by  the  increase  of  real  resistance  of  the 
conductor  fdr  a  given  total  current  strength  when  the  frequency 
is  so  augmented  as  to  create  unequal  distribution  of  the  current 
over  the  cross-section  of  the  conductor.  When  dealing  with  the 
case  of  alternate-current  flow  in  conductors  we  have  mentioned 
that  this  inequality  in  current  density  does  not  come  into 
play  practically  for  such  a  frequency  as  100  <\i  unless  the 
conductor  has  a  diameter  of  at  least  1  centimetre.  Prof. 
Ewing  has,  however,  shown  that  in  the  magnetic  case  a  thick* 
ness  of  the  iron  plate  or  wire  of  even  2mm.  is  sufficient  to 
cause  the  magnetic  force  at  the  central  portions  to  be  only 
one-eighth  part  of  that  which  it  is  at  the  surface  for  the  same 
frequency  of  100  ^ .  Hence  for  any  thickness  of  wrought 
iron  plate  or  wire  of  anything  of  this  order  there  is  a  marked 
effect  of  magnetic  screening.  The  magnetic  force  at  the  centre 
of  a  plate  of  wrought  iron  1mm.  thick  is  only  52  per  cent, 
of  that  at  the  surface,  maximum  values  being  understood.  In 
the  case  of  a  plate  half  a  millimetre  thick,  the  central  force 
would  be,  however,  92  per  cent,  of  the  surface  force.  In 
a  transformer  core,  what  we  require  is  a  constant  mean 
value  of  the  induction,  since  it  is  upon  this  that  the  constant 
secondary  electromotive  force  required  depends.  Moreover^ 
the  screening  action  operates  to  create  a  concentration  of  the 
induction  at  the  surface  of  the  iron,  and  this  disposition  of 
it  aggravates  the  total   hysteresis  loss,  which,  as  we  have 

*^eeThe  EUetrician,  VoL  XXVIII.,  p.  631. 
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-seen,  varies  at  any  point  as  the  l'6th  power  of  the  induotioii 
-density. 

We  must  refer  the  reader  to  Prof.  Swing's  paper  (loe.  eit.) 
ior  further  information.  The  general  result  of  these  iuTestt- 
gations,  however,  is  to  show  that  at  a  frequency  of  100^  an 
alternating  magnetic  force,  applied  to  an  iron  plate  or  wire^ 
produces  only  such  an  induction  as  would  be  equivalent  to 
uniformly  magnetising  one-quarter  of  a  millimetre  in  depth  of 
the  iron  to  the  extent  that  the  surface  skin  is  magnetised ;  in 
•other  words,  when  the  diameter  of  the  plate  or  wire  exceeds 
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Fia  53. 

■Curves  I'epreoenting  the  hystereBis  and  eddy  current  loases  in  wrought-irou 
pl»t«B  of  various  thicknesaes.  FrequencsyslOO '^v,  6=4,000.  (Ewing.) 


one-half  millimetre,  screening  effects  begin  to  make  themselves 
felt.  The  curves  in  Fig.  53  represent  the  results  of  some 
calculations  made  by  Prof.  Ewing  of  the  eddy  current  and 
hysteresis  losses  in  iron  plates  of  given  dimensions.  It  will 
be  found  that  these  do  not  much  differ  from  the  approximate 
formula  given  in  Section  7,  for  cases  in  which  we  consider 
.plates  of  less  than  1mm.  in  diameter. 

The  moral  of  all  the  above  is  that  the  lamination  of  the 
iron  plates  forming  the  core  of  the  transformer  should  be 
effectually  carried  out.    To  get  good  results  the  core  plates 
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Bhould  not  be  more  than  10  or  12  mils,  or  0*01  of  an  inch,  in 
thickness,  and  be  lightly  painted  over  with  oxide  paint  on  one 
side.  By  so  doing  the  deleterious  results  of  eddy  current  loss 
and  augmented  hysteresis  loss  can  be  ayoidedi  the  total  loaa' 
in  the  iron  being  reduced  to  about  one  watt  per  80  oubio 
centimetres  of  core  when  a  frequency  of  100  is  used«  and 
a  mazimuzlpi  mean  induction  density  of  4,000  employed. 
In  this  case,  with  plates  of  0*25mm.,  or  10  mils,  in  thick* 
ness,  the  eddy  current  loss  would  be  about  one-seventh  part 
of  the  hysteresis  loss,  and  one-eighth  part  of  the  whole  core 
loss. 

It  is  shown  in  Prof.  J.  J.  Thomson's  Paper,  to  which  we 
refer  the  reader,  that  if  a  slab  of  iron  of  given  thickness  is 
divided  up  into  laminse,  and  then  subjected  to  alternating  mag- 
netising force,  that  the  loss  of  energy  in  the  whole  slab  by 
eddy  currents  is  inversely  proportional  to  the  square  of  the- 
number  of  lamine.  Thus,  in  building  up  a  transformer  core, 
if  the  iron  plates  or  bands  are  made  of  iron  one-half  millimetre 
thick  (  — 0'02in.),  the  eddy-current  loss  will  only  be  one- 
quarter  of  that  which  it  would  be  if  the  bands  or  plates  are 
made  one  millimetre  thick.  The  mathematical  investigation 
shows  that  lamination  is  very  little  use  if  the  plates  or  bands 
are  more  than  one  millimetre  thick. 

The  purer  the  iron,  that  is,  the  greater  the  conductivity  and 
hence  also  the  greater  the  permeabilityi  the  greater  most  be  the 
lamination.  Increased  frequency  demands  also  a  greater  propor- 
tional degree  of  lamination.  Conversely  it  follows  that  when 
we  are  dealing  with  cast-iron,  of  which  the  conductivity  is  only 
about  one-tenth  that  of  the  purest  wrought  iron,  and  in  which 
the  permeability  at  a  given  induction  is  also  only  one-tenth,  the 
shielding  effect  is  not  nearly  so  pronounced.  In  the  case  of 
cast  iron  a  rod  one  centimetre  in  diameter  exposed  to  an  alter- 
nating magnetising  force  would  not  experience  anything  like 
the  inequality  of  distribution  of  induction  over  its  crosa- 
section  which  would  be  manifested  by  a  rod  of  wrought  iron 
of  equal  cross-section  exposed  to  the  same  magnetising  force. 
The  worse  specific  conductivity  of  the  cast  iron  causes  it  to 
exercise  a  less  degrading  effect  upon  the  wave  of  magnetising 
force,  which  therefore  penetrates  further  into  the  metal  without 
being  reduced  in  amplitude  and  delayed  in  phase,  as  it  is  when 
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advancing   into  the  better  conducting  and  more   permeable 
wrought  iron* 

§  13.  Determination  of  Magnetic  Leakage. — One  quantity 
we  have  not  yet  determined  by  our  calculations,  and  that  is 
the  "  drop "  in  the  volts  on  the  secondary  terminals  of  the 
transformer  due  to  magnetic  leakage.  The  total  "drop"  or 
foil  of  electromotive  force  between  no  load  and  full  load  on  the 
secondary  circuit  is  of  course  made  up  of  "drop"  due  to 
copper  loss,  or  C^  B  loss  in  the  secondary  circuit,  and  drop 
due  to  leakage  of  induction.  The  total  "  drop "  should  not 
exceed  four  or  five  per  cent,  in  small  transformers  and  two  per 
cent,  in  large  transformers.  It  is  a  difficult  matter  to  pre- 
determine the  value  of  that  parb  of  the  secondary  "  drop '' 
due  to  magnetic  leakage.  Most  makers  have  arrived  at  a 
minimum  leakage  drop  for  their  own  particular  form  of  trans- 
former by  processes  of  trial  and  failure.  Magnetic  leakage  is 
not  nullified  even  when  a  primary  coil  is  overlaid  by  and  sand- 
wiched in  between  two  secondary  coils;  if  there  is  a  space 
between  the  coils,  for  in  this  case  the  reverse  magnetising 
effect  of  the  secondary  currents  partly  drives  the  induction, 
due  to  the  primary  circuit,  out  of  the  iron  into  the  space 
between  the  primary  and  secondary  coils. 

The  effecD  of  an  assumed  percentage  of  magnetic  leakage 
may)  however,  be  calculated.  If  N^  and  Ng  are  the  numbers 
of  turns  of  wire  in  the  primary  and  secondary  circuit  of  the 
transformer,  and  if  fi  is  the  mean  value  of  the  permeability 
corresponding  to  the  maximum  induction  employed,  and  if  S  is 
the  section  of  the  magnetic  circuit  and  I  its  length,  then  we 
can  easily  see  that  the  mean  value  of  the  self-induction  L  of 
the  primary  circuit  is  given  by  the  equation, 

10  108  I  ^^^1 » 

and  accordingly  the  mean  value  of  the  self-induction  N  of  the 
secondary  circuit  is  given  by 

10  108  r       a 

The  mutual  induction  M  of  the  two  circuits,  on  the  assump- 
tion that  there  is  no  magnetic  leakage,  or  that  every  line  of 
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force  linked  with  the  primary  is  also  linked  with  the  secondazyv 
iBtherefoie         M- ^LN  -  jj  jJg^SNiN,. 

Suppose,  however,   that  M  is  not  equal  to    JLN,  but  is 
expressed  by  N=^LN(l-a?), 

where  a;  is  a  fraction  less  than  unity  expressed  as  a  percentage. 

Then  x  is  the  magnetic  leakage  expressed  as  a  percentage. 
This  definition  of  magnetic  leakage  as  a  measurable  quantity 
has  been  given  by  Prof.  J.  Perry.*  This  definition  of  the 
magnetic  leakage  makes  it  dependent  on  the  ratio  of  the  mean 
value  of  M  to  JLN.  It  is,  of  course,  easy  to  object  that  the 
coefficient  of  self  and  neutral  induction  in  a  transformer  must 
be  variable  quantities ;  but  we  have  shown  above  that  the  iron 
behaves  throughout  the  magnetic  cycle  as  if  it  had  a  constant 
Average  magnetic  permeability,  which  is  a  simple  function  of 
the  maximum  induction  density  during  the  period ;  and  accord- 
ingly the  L,  M,  and  N  in  the  above  formula  have  perfectly 
-definite  values,  and  may  be  called  the  mean  coefficienta  of  self 
And  mutual  induction,  t 

Starting  with  this  assumption  of  a  mean  constant  permea- 
bility in  the  transformer  core,  Prof.  Perry  (loc  dt)  has  calcu- 
lated many  interesting  tables  for  transformers  of  certain  data, 
giving  the  currents,  lags,  electromotive  forces,  efficiencies,  dec, 
for  various  secondary  currents,  for  details  of  which  we  must 
refer  the  reader  to  the  original  Paper.  In  particular  he  has 
calculated  the  effect  of  certain  assumed  magnetic  leakages  of 
1,  5,  10  per  cent.,  <fec.,  and  shown  that  the  effect  of  magnetic 
leakage,  which  is,  of  course,  most  apparent  when  the  external 

*  See  "A  Study  of  TFansformen,"  PhU.  Mag.,  August,  1891,  p.  168 ; 
Also,  "A  Method  of  Measuring  Power  in  Transformers,"  PhiL  Mag.  August, 
1891,  p.  191. 

t  We  have  seen  that  in  the  case  of  olosed  iron  circuits  well  laminated, 
the  value  of  /i  in  the  equation  above  may  be  approximately  taken  as  that 
corresponding  to  the  maximum  value  of  the  induction  in  the  core.  In  the 
«ase  of  open  iron  circuits  or  straight  cores,  when  the  magnetic  cironit  is 
partly  iron  and  partly  air,  the  value  of  ft  is  very  much  less.  For  a 
straight  iron  core  of  a  bundle  of  iron  wire,  say  eight  or  ten  times  as  loqg 
as  it  is  wide,  the  mean  (air-iron)  value  of  fi  may  be  as  low  as  60.  A 
straight  iron  core  is  in  this  respect  like  a  dynamo  field  magnet  with  an 
«normotts  air  gap. 
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resistance  of  the  secondarj  circuit  is  as  much  reduced  a» 
possible,  is  , 

(i,)  To  cause  the  primary  current  at  full  secondazy  load  ta 
lag  behind  the  primary  impressed  electromotive  force  curve,  in 
extreme  cases  by  nearly  90deg. 

(ii.)  To  cause  the  primary  and  secondary  currents  at  foil 
load  to  have  much  less  mean  values  than  they  ^ould  have  if 
leakage  were  absent. 

(iii.)  To  create  a  much  greater  ''  drop  "  in  the  decondazy  ter- 
minal volts  between  full  load  and  no  load  than  would  exist  if 
magnetic  leakage  was  absent. 

Magnetic  leakage  apparently  does  not  affect  the  difference 
of  phase  of  the  primary  and  secondary  currents^  which  always 
tends  to  become  180*"  or  thereabouts  as  the  transformer  iis 
loaded  up  by  reducing  the  resistance  of  the  secondary  extemail 
circuit. 

§  14.  The  Measurement  of  the  Efficiency  of  Transformers. 
-—The  practical  determination  of  the  various  energy  losses  in 
a  transformer  and  of  its  (efficiency  of  transformation  is  a 
matter  of  considerable  importance.  It  is  not  by  any  means, 
unfortunately,  an  easy  thing;  and  those  who  have  paid 
attention  to  it  are  not  entirely  in  accord  as  to  the  best  means 
by  which  it  can  be  effected.  Broadly  speaking,  there  may  be: 
said  to  be  six  different  electrical  methods  by  which  we  may 
determine  the  power  given  to  a  transformer  or  the  rate  at 
which  energy  is  delivered  to  it,  and  by  which,  therefore,  its 
efficiency  as  an  energy-transforming  device  may  be  determined. 
These  are  as  follows : — (i.)  calorimetric  methods,  (ii.)  dynamo- 
metric  methods,  (iii.)  voltmeter  and  electrometer  methods, 
(iv.)  ammeter  methods,  (v.)  wattmeter  methods,  and  (vi.) 
geometrical  methods  depending  upon  a  knowledge  of  the  form 
of  the  current  and  electromotive  force  curves  of  the  trans- 
former. 

The  need  for  special  methods  of  measuring  power  given 
to  an  inductive  circuit  such  as  the  primary  circuit  of  a  trans- 
former, arises  from  the  fact  that  when  electrical  power  is 
being  expended  on  an  inductive  circuit,  the  product  of  the 
Vmean^  value  of  the  current  flowing  through  that  circuit  and 
the   A/mean^  value  of  the  difference  of  potential  between  its 
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ends  does  not  give  ns  any  measure  of  the  true  power  being 
expended  on  that  circuit. 

CcUarimetric   Methods. — ^In    the    calorimetric  methods  no 
attempt  is  made  to  measure  the  power  actually  given  to  the 
transformer,  but  a  sum  total  is  obtained  representing  all  the 
variouB  withdrawals  of  energy  from  the  transformer  when  a 
stationary  temperature  has  been  reached.    In  carrying  out  a 
calorimetric  investigation  the  transformer  to  be  examined  is 
enclosed  in  a  light  watertight  metal  box.     The  primary  and 
secondary  leads  are  brought  through  stuffing  boxes  or  glands, 
or  simply  through  india-rubber  corks,  in  such  way  that  whilst 
enabling  the  primary  and  secondary  circuits  to  be  electrically 
accessible  the  whole  transformer  is  shut  up  in  this  watertight 
box.    This  box  is  then  placed  concentrically  in  another  metal 
box  of  somewhat  larger  sise,  also  closed  watertight,  and  having 
two  openings  at  opposite  sides,  one  by  which  water  can  flow 
in  and  the  other  by  which  it  can  flow  out.    Arrangements 
are   made    by   which    a    steady    stream    of    water   can    be 
caused  to  flow  through  the  space  between  the  boxes  and  the 
temperature  of  the  incoming  and  outgoing  streams  exactly 
measured  by  means  of  accurate  and  sensitive  thermometers. 
The  outer  box  or  calorimeter  should  be  supported  by  strings 
so  as  not  to  tpuch  any  other  object.     The  so  enclosed  trans- 
former must  then  have  its  secondary  circuit  connected  to 
incandescent  lamps  or  other  practically  non-inductive  energy 
wasters,  and  the  secondary  current  and  potential  difference  at 
the  secondary  terminals  of  the  transformer  measured  by  means 
of  a  standardised  ammeter  and  voltmeter.     Such  being  the 
arrangements,  a  primary  current  is  supplied  to  the  transformer  at 
the  proper  volts,  and  the  water  allowed  to  flow  regularly  through 
the  calorimeter.    At  the  end  of  a  certain  time  the  temperature 
of  the  whole  apparatus  will  have  become  stationary.    The 
water  will  enter  at  one  side  at  a  temperature,  t°,  and  leave 
it  on  the  other  side  at  a  higher  temperature,  t*%  and  energy 
will  be  given  up  to  the  external  secondary  oirouit  at  a  certain 
rate.    The  whole  of  the  power  which  is  being  dissipated  in 
the  iron  core  of  the  transformer  and  that  dissipated  in  the 
copper  circuits  is  converted  into  heat  and  carried  away  by  the 
water.     Hence,  if  we  measure  the  rate  at  which  the  water 
flows  through  the  calorimeter  when  the  stationary  temperature 
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iB  attained,  and  know  the  temperature  at  entrance  and  exit,  we 
know  what  amount  of  energy  is  being  carried  o£f  by  the  water. 
If  G  grammes  of  water  flow  through  the  calorimeter  every  second 
and  if  this  water  is  raised  from  t*  to  ^'*  then  G  (^  -  ^)  imits  of 
heat  are  carried  ofi  every  second ;  since  one  gramme  centigrade 
unit  of  heat  is  very  nearly  equal  to  4*2  joules.  Hence  the 
rate  of  removal  of  energy  by  the  water  is  equal  to  4*2  Q  {f  -t) 
watts.  If  A  is  the  amperes  in  the  secondary  circuit  and  Y  the 
secondary  terminal  volts,  the  rate  of  removal  of  energy  by  the 
secondary  circuit  is  AY  watts.  Hence,  since  the  temperatures 
are  stationary  the  rate  of  supply  of  energy  to  the  transformer 
must  be  equal  to  the  total  rate  of  loss ;  or  the  power,  W,  in 
watts  given  to  the  transformer  must  be  such  that 

W-4*2G(<'-«)+AY. 
Hence  the  efficiency  of  transformation  c  is 

AY 


€«a 


4*2G(t'-«)  +  Ar 


In  accurate  experiments  a  small  correction  would  have  to  be 
applied  for  the  energy  lost  by  radiation  from  the  calorimeter ; 
but  this  would  not  usually  be  large.  The  special  difficulties 
attending  the  experiment  are  the  measurement  with  sufficient 
accuracy  of  the  temperatures  of  the  incoming  and  outgoing 
water.  It  is  probable  that  the  best  way  of  doing  this  would 
be  by  a  pair  of  thermoelectric  junctions,  placed  in  the  incoming 
and  outgoing  currents. 

Experiments  of  this  kind  have  been  made  by  Prof.  Boiti  in 
Florence  and  by  Prof.  Ayrton.  The  method  itself  was  originally 
suggested  by  Dr.  Louis  Duncan.*  There  are  many  difficulties 
connected  with  the  employment  of  this  calorimetric  method, 
and  observers  were  led  to  employ  it  chiefly  at  a  time  when  no 
better  method  was  known. 

Mr.  Mordey  has  a  practical  workshop  modification  of  this 
method,  which  deserves  mention.  He  passes  a  primary  current 
into  a  transformer,  and  allows  it  to  come  to  its  steady  tempera- 
ture.   When  this  is  known  to  be  the  case  by  a  thermometer 

*  EUctriotd  Review,  London,  July  29, 1887,  VoL  XXI.,  p.  116 ;  tee  also 
Jourwd  of  Hu  Society  of  TeU^ph  Engineers  of  London^  VoL  XYII.,  1888 
p.  16a 
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plaoed  in  the  interior  or  on  the  core,  the  alternating  ouirent  ifr 
switched  off  and  a  continuous  current  is  supplied  to  the  primary 
coil,  which  has  its  strength  so  adjusted  that  the  temperature  of 
the  transformer  is  kept  up  to  the  before-attained  constant 
temperature.  The  power  supplied  by  this  constant  cuirent 
(which  is  easily  measured)  is  assumed  to  be  the  same  as  that 
given  to  the  transformer  by  the  alternating  current  after 
deducting  the  amounts  given  off  by  the  secondary  circuity 
if  any. 

The  assumption  made  is  that,  since  the  transformer  has 
attained  a  constant  temperature,  the  loss  of  energy  by  radiation 
must  balance  the  gain  of  energy  from  the  primary  circuit  after 
deducting  the  amount  given  off  by  the  secondary  circuit;  and 
that,  therefore,  if  we  keep  up  the  equilibrium  by  substituting 
a  continuous  for  an  alternating  current,  the  energy  loss,  and 
therefore  the  energy  supply,  must  be  the  same.  One  objec- 
tion that  has  been  urged  against  this  process  is  that  in  the  case 
of  the  alternating  current  the  seat  of  the  chief  generation  of 
heat  is  in  the  iron  core ;  whilst  in  the  case  of  the  continuous 
current  it  is  wholly  in  the  copper  circuit,  and  therefore  that 
it  does  not  follow  that  the  same  rate  of  absorption  of  energy 
will  in  both  cases  be  required  to  keep  up  the  same  surface 
temperature  of  the  transformer.  The  objection  may  not  be  a 
valid  one,  but  it  has  been  presented. 

Dynamometric  Methods, — In  these  methods  the  electro4yna- 
mometer  is  employed  as  an  electrical  power  meter.  These 
methods  were  first  introduced  by  Mr.  Blakesley,  and  have  been 
chiefly  developed  by  him.  In  an  electro-d3mamometer  such  aa 
that  of  Siemens  there  are  two  electric  circuits,  one  fixed  and  the 
other  movable.  If  two  alternating  electric  currents  of  equal 
period,  from  different,  or  the  same,  sources  are  passed  through 
these  circuits,  and  if  the  time  of  free  oscillation  of  the  movable 
circuit  is  very  large  compared  with  the  time  of  a  complete  period 
of  the  alternating  currents,  then  the  force  required  to  hold  the 
movable  circuit  in  a  fixed  position  with  reference  to  the  other 
circuit  is  proportional  to  the  average  or  mean  of  the  values  of 
the  products  of  the  fluctuating  current  strengths  in  each  cir- 
cuit; such  values  being  taken  at  equidistant  and  numerous 
instants  during  the  complete  period.  If  one  and  the  same 
periodic  current  is  passed  through  both  circuits,  then  the  force 
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b  proportioiial  to  the  mean  of  the  squares  of  the  equidistant 
instantaneous  current  values.  In  most  cases  the  force  em- 
ployed to  balance  the  eleotro-dynamio  force  between  the 
circuits  is  that  produced  by  the  torsion  of  a  spring.  Supposing 
that  the  free  and  unconstrained  position  of  the  movable 
circuit  is  such  that  its  plane  is  perpendicular  to  that  of  the 
fixed  circuity  we  shall  call  this  position  the  zero  position  of 
the  movable  circuit.  If  the  action  of  the  electrical  forces  is 
to  produce  a  twist  or  torque  on  the  movable  circuit,  and  we 
apply  an  equal  and  opposite  torque  to  restore  it  to  its  zero 
poeitiony  we  shall  call  this  the  restoring  couple.  If  the  same 
current  flows  through  both  circuits,  the  restoring  couple  ia 
proportional  to  the  mean  of  the  squares  of  the  values  of  tho 
equidistant  instantaneous  current  strengths  during  the  com- 
plete period.  If  different  currents  of  the  same  frequency  flow 
in  the  two  circuits,  the  restoring  couple  is  proportional  to  the 
mean  of  the  product  of  the  simultaneous  instantaneous  equi- 
distant current  values  taken  throughout  the  period.  The  first 
case  is  called  the  dynamometer  reading.  The  second  case  ia 
called  the  split  dynamometer  reading.  We  shall  suppose  that 
in  all  cases  the  dynamometer  has  been  calibrated  by  means  of  a 
continuous  current^  so  that  if  we  have  a  dynamometer  reading 
a  corresponding  to  a  steady  or  continuous  current  I  passed 
through  the  instrument,  then  when  an  alternating  current  ia 
passed  through  it  the  dynamometer  reading  a  indicates  a 
current  of  wbdch  the  ^/mean^  value  is  I.  More  precisely,  if 
f  is  the  instantaneous  value  of  a  periodic  current  of  which  T  is 
the  periodic  time,  then  the  dynamometer  reading  gives  us  the 
value  of  the  integral 


T/o 


or  the  mean  of  the  squares  of  the  instantaneous  values  of  the 
current  during  the  complete  period.  If  i^  and  «,  are  the  instan- 
taneous values  of  the  equiperiodio  currents  sent  through  a  split 
dynamometer,  then  the  reading  of  the  dynamometer  gives  us 
the  value  of  the  integral 

or  the  mean  of  the  product  of  the  instantaneous  values  of  the 
two  currents  during  the  period. 

NN 
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Let  MB  see  what  these  integralB  become  in  oertain  special 
cases.     Consider  simple  periodic  currents,  that  is,  let 

where  ;»-=. ;  then 

TJo        2         ^ 
P 

The  dynamometer  reading  is  proportional  to  half  the  square  of 
the  Tnft.TJmnm  yalac  of  the  current.  Again,  if  we  consider  two 
simple  equiperiodic  currents,  i^  and  t^  one  retarded  behind  the 
other  by  an  angle  of  lag  ^,  so  that 

h  "*  ^1  ^^P  ^ 
and  tj-ljsind?*-^), 

then  the  split  dynamometer  reading  is  proportional  to 


I.r*itg<f<=^r8inp<sin(p«-^)c^<, 


^-^j  (siTfiptooA0^emptooBptBia6)dtf 

-LLcosft 
2 

The  split  dynamometer  reading  is  proportional  to  the  product 
of  the  cosine  of  the  lag  and  half  the  product  of  the  mayimum 
yalue  of  the  currents.  « 

Hence,  if  the  two  currents  are  simply  periodic,  but  lag  one 
behind  the  other,  and  we  pass  the  currents  separately  through 
dynamometers  to  get  the  dynamometer  reading  for  each,  and 
then  pass  them  jointly  through  a  split  dynamometer;  and  if  we 
then  get  instrumental  readings,  a,  /},  and  y,  such  that 

^      2  * 
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aBSuming  the  oonstant  of  each  instrument  to  be  unity,  or  that 
it  reads  direct,  we  can  obtain  the  value  of  cos  0,  for 

We  can  thus  determine  the  angle  of  lag  of  the  simple  periodic 
current  I,  behind  the  current  I^.  This  method  of  using  the 
dynamometer  is  due  to  Mr.  Blakesley.  Mr.  Blakesley  has 
employed  this  split  dynamometer  method  for  many  purpoees, 
but  the  one  which  most  concerns  us  here  is  his  ingenious 
method  of  using  the  dynamometer  to  determine  the  efficiency 
of  a  transformer.  For  this  he  employs  three  dynamometers. 
Dp  Dj,  Dg.  Two  of  them,  D^  and  Dj,  are  put  as  current 
measurers  in  the  primary  and  secondary  circuits,  and  one,  D3, 
used  as  a  split  dynamometer,  takes  current  from  the  primary 


Circuit.  '•'•  Circuit. 

Fia.  54^ 

circuit  through  one  coil,  and  from  the  secondary  circuit  through 
the  other,  the  three  being  arranged  as  in  Fig.  54.  Let  ua 
suppose  the  dynamometers  to  be  direct  reading,  so  that  the 
reading  on  the  torsion  head  of  the  dynamometer  gives 
directly  the  mean  value  of  the  square  of  the  instantaneous 
current  through  it  when  used  as  a  simple  dynamometer,  and 
the  mean  product  of  the  separate  currents  when  used  as  a 
split  dynamometer.  The  readings  giving  thus  the  mean  of  the 
squares  of  the  instantaneous  values  of  the  currents,  or  the 
mean  of  the  products  of  the  instantaneous  values  of  the  cur- 
rents, as  the  case  may  be.  We  proceed  to  give  Prof.  Ayrton's 
and  Mr.  Taylor's  general  proof  of  Mr.  Blakesley's  rule  for 
deducing  the  mean  value  of  the  power  taken  up  in  the  trans- 
former.* 


•  See  PhiL  Mag,^  April,  1891,  p.  354,  "Proof   of  the  Genendiiy  of 
oertam  Formula  published  for  a  Special  Case,"  by  Mr.  Blakesley. 

nn2 
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Let  N^  and  N,  be,  as  usual,  the  number  of  the  primary  aiMi 
seoondaiy  turns  on  the  transformer.  Let  0|  be  Uie  primary 
impressed  eleotromotive  force  at  any  instant,  let  t^  and  i^  be 
the  corresponding  instantaneous  vaJues  of  the  primary  and 
secondary  currents,  and  h  the  value  of  the  mean  induction 
density  in  the  core.  Take  R  and  S  for  the  resistances  of  the 
primary  and  secondary  circuits.    Then  as  usual, 

Also  if  the  induction  through  the  secondary  is  equal  to  N,^  at 
the  instant  when  that  through  the  primary  is  N^  5,  then,  and 
then  onLy^  we  have  also 

N 
therefore  e^  =  R  »j  +  _1  S  tg, 

N 
and  «i  ii = R  ij^  +    1  s  {^  {^^ 

If  T  is  the  periodic  time,  it  follows  from  this  last  equation  that 

The  first  term  of  this  last  equation  is  the  value  of  the  meao 
power  or  mean  watts  given  to  the  primary  circuit.  Call  this 
Wy  The  second  integral  is  R  times  the  square  of  the  dyna- 
mometer reading  for  the  primary  current.    Gall  this  RD^    The 

value  of  the  third  integral  is  -—-^  S  times  value  of  the  split 


N, 


dynamometer  reading,  which  gives  us  a  reading  we  will  call 

Nj_o 

N, 

Wi=RDp+?lSDp.. 


£LSDp,.      Therefore, 


N, 


Hence  having  the  power  in  watts  given  to  the  primary  coil,  we 
can  easily  find  the  efficiency  when  we  know  the  power  in  watts 
given  to  the  external  secondary  circuit.  If  I,  is  the  ^Anean^ 
value  of  the  secondary  current,  and  Y,  is  the  ^mean^  value  of 
the  potential  difference  between  the  secondary  terminals  of  the 
transformer,  then  the  power  in  watts  spent  in  heating  the 
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secondary  coil  in  the  transformer  is  S I^^  and  the  power  in 
watts  given  to  the  external  secondary  circuitis  1^  Y^  Hence, 
tte  efficiency  c  is 


RD,+^iSD,. 


or  if  S^  is  the  resistance  of  the  external  secondary  circuit,  and 
D«  is  the  dynamometer  reading  of  the  instrument  in  the  second- 
ary circuit,  then 

. — 24—. 

The  above  proof  makes  no  assumption  that  the  current  follows 
a  simple  sine  curve  law.  It  is  perfectly  general.  It  does,  how- 
ever, assume  that  there  is  no  magnetic  leakage.    As  in  every 


i. 


[3 


Fig.  55. 

transformer  on  fuU  load  the  number  of  lines  of  induction  linked 
with  the  primary  and  secondary  circuit  is  not  the  same  at  the 
same  instant,  it  follows  that  some  degree  of  caution  should  be 
exercised  in  applying  this  formula  in  practice.  The  method 
also  fails  when  applied  to  a  transformer  or  open  secondary 
circuit,  because  obviously  then  the  split  dynamometer  gives  no 
reading. 

Mr.  Blakesley  made  known,  however,  in  1891,*  a  perfectly 
general  method  of  employing  a  split  dynamometer  to  measure 
the  power  taken  up  in  any  inductive  circuit,  making  at  the 
same  time  no  assumption  as  to  the  form  of  the  current  curve. 
The  method  makes  use  of  a  dynamometer  Dj  or  ammeter,  a 
split  dynamometer  D,  and  a  non-inductive  resistance  r  {ue 
Fig.  55).    JLet  a  &  be  the  inductive  circuit,  in  which  the  power 

*  See  PhiL  Mag.,  April,  1891,  p.  346. 
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is  to  be  measured.  Let  i  be  the  current  in  it  at  any  inatant^ 
s^nd  let  ii  be  the  current  in  the  non-inductive  resistance,  and 
f,  that  in  the  line.  Then  the  coils  of  the  split  dynamometer 
are  traversed  by  the  current  i^  and  t,  and  the  riding  of  D^ 
measures  therefore  the  mean  of  the  product  i^  ••  Also  the 
dynamometer  D^,  measures  the  mean  value  of  t^.  But  we  have 
always,  at  every  instant, 

but  ri^i  is  equal  to  the  instantaneous  value  of  the  power  taken 
up  in  the  inductive  circuit  a  b.    Hence  if  the  dynamometers 


f. 


o. 
o 


FiQ,  56. 

are  graduated  to  read  direct,  and  we  call  D^  and  Dj  the  readings, 
and  W  the  mean  power  taken  up  in  a  &,  then  we  have,  by 
taking  mean  values  through  a  period, 

Tio     ^  TJo       ^  TJo 

or  W=r(D,-Di). 

This  method  has  the  advantage  of  making  no  assumption  as 
to  form  of  current  curves  or  absence  of  magnetic  leakage.  The 
reader  is  referred  to  Mr.  Blakesley's  Paper  for  other  similar 
methods. 

One  other  similar  method  may  be  mentioned.  It  was  given 
by  Mr.  Blakesley  in  his  Paper  in  1891,  but  as  a  matter 
of  fact  was  independently  devised  by  Mr.  A.  Wright,  and 
shown  to  the  author,  though  not  published,  some  time  pre- 
viously.  A  split  dynamometer  and  ammeter  are  arranged 
as  shown  in  Fig.  56,  having  a  non-inductive  resistance  r 
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in  series  with  the  ammeter.  If  r  consists,  as  it  may  be,  of 
water  resistance  or  incandescence  lamps,  then  a  voltmeter  Y  is 
needed  as  well  arranged  across  the  mains.  If  •  is  the  current 
in  the  inductive  resistance  and  t^  that  through  the  anmieter, 
and  tg  that  flowing  into  the  split  dynamometer,  then  the 
dynamometer  (reading  D)  measures  the  mean  value  of  i^  i^  and 
the  ammeter  reading  A  measures  the  ^mean'  value  of  i^^.  If 
we  call  D  the  reading  of  the  split  dynamometer,  and  A  that  of 
the  ammeter,  then  the  mean  power  W  taken  up  in  the  inductive 
resistance  is  given  by  the  equation 

W-r(D-A«), 

for  the  instantaneous  value  of  the  power  given  to  the  circuit 
ahiBriii^  and  this  is  equal  to  r  (tj  tj  "  h*)  or  to  r *j  (tg  -  tj). 
Whence  the  above  formula  follows.  If  r  is  not  known,  or  is 
variable,  then  we  must  obtain  its  value  by  taking  the  ^mean^ 
voltmeter  value,  namely  Y,  and  dividing  it  by  the  ^mean^ 
current  value  A,  and  obtain  the  value  of  W  from  the  equation 

W-I(D-A«). 

A 

This  method  has  not  always,  however,  the  accuracy  of  the  one 
before  mentioned,  because  of  the  presence  of  an  ammeter,  which 
may  have  some  self-induction,  in  a  circuit  r  which  ought  to  be 
quite  non-inductive. 

Electrostatic  Voltmeter  and  Electrometer  Methods. — In  1881, 
Prof.  Ayrton,  Prof.  Fitzgerald,  and  M.  Potier  proposed  a 
method  of  measuring  the  mean  power  given  to  an  inductive 
circuit  dependent  on  the  use  of  a  quadrant  electrometer. 
At  the  time  when  this  method  was  proposed,  it  was 
assumed  that  every  quadrant  electrometer  obeyed  a  certain 
text-book  law  which  may  thus  be  stated.  Suppose  that  the 
potential  of  one  pair  of  quadrants,  at  any  instant,  is  t^|,  and 
that  of  the  opposite  quadrants  Vp  and  that  of  the  needle  v, 
then  if  the  quadrants  enclose,  as  usual,  the  needle,  the 
electrical  force  on  the  needle  deflecting  it  has  been  usually 
taken  as  expressed  in  all  cases  by  the  law 

where  F  is  the  defleidonal  force  on  the  needle,  and  E  is  an 


552     THE  ooNSTRircrriON  and  aotion  of  transfobicbbs. 

instrumental  constant;  and  hence  that  the  deflection  of  the 
needle  when  small  followed  the  same  law. 

Ifwt  assume  this  to  he  the  true  law  cf  the  instrumenti  it 
can  be  shown  that  the  mean  power  taken  up  in  an  inductive 
circuit  can  be  measured  as  follows : — 

Let  AB  be  the  inductive  circuit,  and  let  BC  be  a  non- 
inductive  resistance  B,  in  series  with  it.  Let  an  alternating 
current  flow  through  the  two,  and  let  v^  v^,  v^  be  the  potentials 
of  the  points  A,  B,  and  0  at  any  instant.  The  pairs  of  opposite 
quadrants  of  the  electrometer  are  joined  to  the  points  A  and  B^ 
and  two  observations  are  taken,  one  when  the  needle  is  joined 
to  B,  and  one  when  it  is  joined  to  0.  If  then  F|  and  F^  are 
the  forces  on  the  needle,  in  each  case  we  have 

Subtracting  ve  have 

ri-P,-K(v.-r»)K-t-.), 

Hence,  if  the  time  of  vibration  of  the  needle  is  very  large  com- 
pared  with  the  periodic  time  of  the  currents,  the  difference  of 
the  deflections  of  the  needle  in  the  two  cases  is  proportional  to 
the  mean  value  of  the  product  of  the  differences  between  the 
instantaneous  values  of  the  potentials  at  A  and  B  and  those  at 
B  and  C.  But,  {v^  -  Vf)  is  the  potential  difference  of  the  ends 
of  the  inductive  resistance,  and  {vj,  -  v^  is  proportional  to  the 

current  flowing  through  it.  because  *^  is  the  current  in  the 

non-inductive  resistance  in  series  with  it.  Hence,  the  difference 
of  the  two  deflections  measures  the  power  being  taken  up  in  the 
inductive  part.  It  has  been  suggested  by  MM.  Blondlot  and  Curie 
that  the  difference  can  be  obtained  at  once  by  one  reading  by 
means  of  an  electrometer  with  two  pairs  of  quadrants  and  two 
needles  on  the  same  shaft  but  insulated  from  each  other,  one 
needle  connected  to  the  point  B,  and  the  other  to  the  point  Q 
and  both  pairs  of  quadrants  connected  to  A  and  B.  It  has  been 
shown,  however,  by  Dr.  J.  Hopkinson,  and  also  by  Profs.  Ayrton 
and  Perry,  that  it  is  not  safe  to  assume  that  any  quadrant  electro* 
meter,  however  made,  follows  this  theoretical  law.  It  is  possible 
to  devise  one  that  does,  but  we  must  not  assume  without  justi- 
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fication  by  eiperimeDt  that  any  kind  of  deflectional  quadrant 
«leotrometer  oaa  be  so  used.  }i.eeaxa,Aynxm,F«nytaiiSawpaai 


Fia.  67.— Ayrton,  Perry,  and  Sumpoer  Quadrant  Electrometar. 

have  devised  a  form  sbonn  in  Fig.  57,  which  does  obey  the  theo- 
retical law.*  They  have  pointed  out  that  the  quadrant  electro- 

•  Sm  2VafiM«(i(»M  of  iht  Roytd  Soeittg  of  London,  VoL  133  (1891), 
p.  519.    "  Quadrant  ElectromeMrH." 
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meter,  if  used  to  measure  the  mean  power  given  to  an  inductive 
circuit,  does  not  give  correct  results  unless  the  quadrants  are 
in  one  special  position.  The  experimentalist  has  therefore  tx> 
be  on  his  guard  against  this  source  of  error.  It  will  be  noticed, 
however,  that  assuming  the  electrometer  to  obey  this  law,  the 
instruments  can  be  used  to  measure  mean  power  without  any 
restrictions  as  to  the  form  of  the  current  curve  or  any  special 
law  of  variation  of  the  instantaneous  values  of  the  current 
during  the  phase. 

The  mean  power  given  to  an  inductive  circuit  can,  however, 
be  accurately  measured  by  means  of  three  voltmeters,  which 
may  be  quadrant  electrometers  used  idiostatically  by  means 
of  a  method  simultaneously  suggested  by  Messrs.  Svrinbume, 
Ayrton,  and  Sumpner.*  It  is  as  follows: — Let  AB  be  an 
inductive  circuit,  say,  the  primary  circuit  of  a  transformer, 
in  which  it  is  desired  to  measure  the  electrical  power  taken 
up.  AB  may  be  the  primaiy  circuit  of  a  transformer,  with 
loaded  or  unloaded  secondary  circuit,  or  the  circuit  of  a 
choking  coiL  In  series  with  it  must  be  placed  a  non-inductive 
resistance,  BC,  whose  ohmic  resistance,  R,  shall  be  approxi- 
mately equal  to  the  impedance  of  the  inductive  circuit. 
Three  electrostatic  voltmeters  or  quadrant  electrometers  used 
idiostaticallyt  are  joined  up  as  shown  in  Fig.  58.  Let  v^  v^ 
V3,  be  the  instantaneous  values  of  the  potentials  at  the  points 
A,  B,  and  C.     Then  we  have  always 

Hence, 
Therefore, 

* 

*  See  "  The  Measurement  of  the  Power  given  by  any  Electric  Current 
to  any  Circuit,"  by  Prof.  Ayrton  and  Dr.  Sumpner ;  Proc  Royal  Soa,, 
London,  Vol  XLIX.,  1891,  p.  424. 

t  If  the  needle  of  a  quadrant  electrometer  is  joined  to  one  pair  of 
quadrants,  then  a  difference  of  potential  made  between  this  one  pair  of 
quadrants  and  the  other  pair,  the  needle  is  deflected  and  the  deflectioa  is 
proportional  to  the  square  of  the  difference  of  potential  between  the  two 
sets  of  quadrants.  The  electrometer  so  used  is  said  to  be  joined  up  idio- 
statioaUy,  and  makes  use  of  no  other  charge  than  its  own. 
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If  we  examine  these  tenns  we  shall  see  that  the  term  on  the 
left-hand  side  is  the  product  of  the  instantaneous  value  of  the 
potential  differenoe  (P.D.)  at  the  ends  of  the  inductiye  resistance 
.and  of  the  current  flowing  through  it.  It  is,  therefore,  the  in- 
stantaneous value  of  the  power  given  to  that  circuit.  The  three 
terms  on  the  right-hand  side  are  the  P.D.'s  respectively  acting 
on  the  three  electrometers.  Call  these  P.D.'s,  Yi,  V^,  and  Y^ ; 
that  is,  let  ^i- Vg^Yp  Vi-Vj^Y^,  and  Wj-Vg^Yj.  Then  we 
get  as  an  expression  for  the  mean  power  W,  being  taken  up  in 
the  inductive  circuit  the  equation 

The  expressioti  is  entirely  independent  of  any  assumptions  as 
to  the  form  of  the  curves  of  current  or  Qlectromotive  force. 


Fio.  58. 


In  putting  this  method  into  practice,  however,  several 
difficulties  occur.  In  the  first  place,  as  we  are  taking  the 
di£ferences  of  squares  of  quantities,  a  very  small  error  in  the 
quantities  themselves  may  make  a  very  much  larger  percentage 
error  in  the  resulting  measure  of  the  power.  To  get  the  best 
result  Yg  should  be  about  equal  to  Yg,  and  thus  Y^  must  be 
about  double  either  of  them.  In  testing  a  transformer  by  this 
method  we  have  to  provide,  therefore,  an  excess  of  primary 
pressure ;  that  is  to  say,  to  test  the  power  given  to  the  primary 
of  a  transformer  which  normally  requires  2,000  volts  on  its 
primary  terminals  to  work  it,  we  have  to  provide  4,000  volts ; 
and  this  is  not  always  convenient.  In  practically  carrying  out 
this  method  to  test  a  transformer  we  may  proceed  thus :  Pro- 
vide two  transformers  T^  and  T,  with  low-tension  coils  arranged 
in  parallel,  and  high-tension  coils  in  series,  so  as  to  give  on  the 
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high-tension  side  double  the  working  primary  volts  required 
for  the  transformer  T  to  be  tested.  In  series  with  T  arrange  a 
non-inductive  resistance  R»  which  may  consist  of  inoandesoenoe 
lamps  joined  up  in  series,  and  arrange  four  electrostatio  volt- 
meters Yp  V,,  Yj  and  Y4,  as  shown  in  Fig.  59.  Also  put  an 
ammeter  A,  capable  of  measuring  with  great  accuracy  the  car- 
rent  flowing  through  the  lamps.  Let  the  instruments  be  joined 
up  as  shown  in  the  diagram.  Then  the  mean  watts  or  mean 
power  W  given  to  the  primary  circuit  of  the  transformer  T  is 
given  by  the  ^expression 

where  Y^,  Y^  Y3,  Y4  are  the  instrumental  readings  of  the 
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•several  voltmeters.    We  leave  the  proof  of  this  as  an  exeroiBe 
to  the  student. 

It  should  be  remarked,  however,  that  the  ammeter  A  must 
not  be  an  ordinary  dynamometer,  far  less  an  instrument  with 
any  iron  in  it.  It  should  consist  of  a  coil  of  German  silver,  or 
platinoid,  wire  wound  ncm-inductively,  and  having  a  suitable 
electrostatic  voltmeter  connected  to  its  two  extremities.  In 
order  to  get  the  best  results  the  actual  values  of  the  foui 
voltmeter  readings  should  be  as  nearly  as  possible  equal  to  eaob 
other. 
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la  ftpplying  this  four-yoltmeter  method  to  measure  the  pow«r 
given  to  the  prim&ry  circuit  of  ordinary  taraneformers  worked 
my  at  1,000  or  2,000  volts,  it  is  esaeotial  to  employ  aa 
accorate  electrostatic  voltmeter.  It  is  impossible  to  employ 
for  this  method  any  eleotro-dynamJo  or  eleotro-magoetio  Tolt- 
meter.  Mr.  ^vrinbume  has  designed  a  form  of  eleotroetatio 
-voltmeter  very  well  adapted  for  this  work.  It  is  shown  in 
Fig.  60.  It  oousLSta  of  four  aemiciroular  brass  boxes,  Uke  flab 
pill  boxes  out  in  half  vertically.  These  are  inpulated  from  each 
other  and  arranged  in  pairs  in  two  tiers.  A  vertical  metsllio 
stem  or  axis  carries  two  Bemioiroular  alumioiiun  discs,  so  filed 


Fio.  60.— Swinburne  Electro*t(tl^  Toraon  Voltmeter. 

to  the  atem  on  opposite  sides  and  above  one  another  that  when 
the  axis  is  held  suspended  vertically  in  the  centre  erf  the  instru- 
ment and  is  &ee  to  rotate,  one-half  disc  of  aluminium  is  held 
centrally,  half  in  one  box  and  half  in  the  other  on  the  same 
level;  whilst  the  other  half  disc  is  similarly  situated  with 
respect  to  the  pair  of  boxes  on  the  lower  level.  Hence  the 
arrangement  is  a  condenser  of  which  the  needle,  or  axis  with 
half  discs  attached,  forms  one  plate  and  the  metal  boxes  the 
other.  Alternate  ixaea  an  connected  together,  so  that  if  w«  «all 
A  and  B  the  boxes  on  the  top  tier  and  A'  and  K  those  below,  then 
A  is  oonneoted  to  B' and  A' to  B.  One  pur,  say  A +B',  ore  also 
oonneoted  to  the  needle  which  is  carried  t^  a  phospbor-brotm 
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wire.  When  one  needle  and  one  pair  of  boxes  are  brought  to 
a  different  potential  to  the  other  pair  of  boxes,  the  needle  is 
angularly  displaoed.  By  means  of  a  torsion  head  the  suspend* 
ing  wire  is  twisted  and  the  needle  brought  back  to  its  original 
symmetrical  position.  To  effect  this  adjustment  easily  a 
mirror  is  attached  to  the  needle  stem.  With  care  and  proper 
precautions  such  an  instrument  is  very  sensitive  and  will 
indicate  a  variation  of  one-quarter  pec  cent,  in  a  voltage  of 
2,000  or  2,400.  The  author  has  employed  four  such 
instruments  in  experiments  on  transformer  efficiencies  with 
satisfactory  results.  The  only  objection  is,  that  not  being 
inspectional  instruments  they  require  a  torsion  head  to  be 
moved  before  a  reading  can  be  taken* 

Ammeter  or  CurrerU-readtng  Methods. — The  foregoing  volt- 
meter methods  are  in  many  cases  inapplicable;  because  to 


mi 


carry  them  out  with  success  it  is  necessary  to  be  able  to 
command  a  primary  voltage  of  about  double  that  which  is 
normally  required  to  actuate  the  transformer  under  test,  and 
this  is  not  always  possible.  Hence  the  author  suggested  (see 
The  Bleetrieian,  May  8,  1891,)  a  method  in  which  ampere* 
meters  are  employed,  and  in  which  no  extra  volts  are  required, 
but  in  which  additional  current  is  demanded.  Let  a  6  be,  as 
before,  the  inductive  circuit  in  which  the  power  taken  up  is  to 
be  measured  (eee  Fig.  62).  Place  three  ampere-meters  suitable 
for  measuring  alternating  currents,  or  three  low-resistanoe 
dynamometers,  at  Ap  A^,  and  A3,  and  let  r  be  a  non-induotive 
resistance  which  may  consist  of  incandescence  lamps.  If  a6  Is 
the  primary  circuit  of  a  transformer,  apply  electromotive  force 
to  the  leads  until  the  normal  voltage  is  obtained.    Let  the 
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currents  at  any  instant  through  ^  A^,  A^,  and  A3,  be  i|,  t^,  ^  ; 
then  we  have  always 

Hence, 

But  if  V  is  the  potential  diiSerenoe  between  the  leads  at  that 
instant  then  rij^v,  provided  that  the  ampere-meter  Aj  is 
practically  non-inductive,  such  an  instrument,  for  instance,  as 
the  twisted  strip  ammeter  of  Profs.  Ayrton  and  Perry.     HenoQ 

we  have  ij*  =  t^  +  i^^  +  2*3-, 

T 

or  »8^=^(h*-»?-V)- 

But  i^v  is  the  instantaneous  value  of  the  power  being  given  to 
ah. 

Hence  if  we  take  mean  values  throughout  a  period  and  call  I^, 
Ij,  I3,  the  Vmean^  values  of  the  currents  and  W  the  mean 
power  given  to  a  5,  we  have  by  integration  through  a  period 


^   /t2-T2    -T2I 

2  1^      ^  2     ^M 


The  power  in  watts  given  to  the  circuit  a&  is  therefore 
measured  in  terms  of  the  readings  of  the  three  ammeters. 

In  carrying  this  method  out  in  practice  it  is  best 
to  proceed  as  follows  : — Suppose  it  is  desired  to  measure 
the  power  taken  up  in  the  primary  circuit  of  a  transformer 
which  works  at  2,000  volts.  Arrange  a  transformer  to  provide 
this  voltage.  Let  T  be  the  transformer  under  test  Provide  a 
non-inductive  resistance,  consisting  of  fine  platinoid  wire,  so 
wound  on  a  frame  as  to  keep  cool.  Let  this  wire  be  of  such  a 
size  and  resistance  that  it  can  be  kept  joined  across  the  mains 
without  sensible  heating.  Let  r  be  the  resistance  of  this  wire. 
Connect  a  multicellular  (Kelvin)  electrostatic  voltmeter  to 
the  ends  of  such  a  fraction  of  this  wire  that  it  reads  at  the 
best  part  of  the  scale.  Suppose  it  reads  well  at  100  volts,  then 
join  its  terminals  to  two  points  separated  by  one-twentieth 
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part  of  r.     Let  Y  be  thU  voltmeter  so  joined.    Then  by 
reading  V  and  knowing  the  ratio  of  the  parts  into  which  the 
resistance  is  so  divided,  we  know  at  any  instant  the  potential 
difference  between  the  primary  leads.    Then  insert  across  the 
mains  a  series  of,  say,  20  incandescence  lamps  of  100  volts,  so 
as  to  form  a  non-inductive  resistance  L,  and  arrange  three 
amperemeters  as  shown,  viz. :  A^,  A,,  A^.    Let  A^  be  capable 
of  being  short-circuited,  and  let  it  be  a  very  low-xesistanee 
dynamometer,  or  an  Ayrton  and  Perry  twisted  strip  ampere- 
meter of  negligible  inductance.    Begin  by  taking  the  zeading» 
of  the  three  amperemeters  and  of  the  voltmeter,  and  calculate 
the  resistance  of  the  lamps  from  the  quotient  of  the  volts  at  the 
extremity  of  the  series  of  lamps  as  given  by  Y,  and  the  current 
through  them  as  given  by  A^    From  this  and  the  three 
ammeter  readings  calculate  by  the  above  formula  the  power 
taken  up  in  the  fine-wire  non-inductive  resistance  r,  and  see 
if   the  result   agrees  with  that  calculated  by  dividing  the 
square  of  the  potential  difference  between   its  ends  by  its 
measured  resistance.     If  this  is  the  case  we  can  be  tolerably 
confident  that  the  instrumental  readings  are  correct.     Next 
join  on  the  primary  terminals  of  the  transformer  to  the  ends 
of  the  resistance  r  and  take  a  fresh  set  of  readings.    From 
these  we  can  calculate   the   total  power  taken  up  in  the 
resistance  r  and  in  the  transformer,  and  hence  that  in  the 
latter  becomes  known.     The  advantage  of  having  the  non- 
inductive  fine-wire  circuit  is  that  it  enables  us  to  check  the 
readings  by  measuring  a  known  power,  and  also  that  it  in- 
creases the  reading  of  the  ammeter  A3,  which  might  otherwise 
be  very  small. .  The  most  feivourable  case  for  accuracy  presents 
itself  when  the  current  through  A^  is  about  equal  to  that 
through  A3.    In  this  method  as  in  the  three-voltmeter  method, 
since  the  formula  contains  a  function  which  is  the  difference  of 
squares  of  observed  quantities,  a  relatively  small  error  in  the 
instrumental  readings  will  make  a  much  larger  percentage  error 
in  the  final  result.     For  further  discussions  on  these  methods 
of  current  and  voltmeter  measurement  of  alternating-current 
power,  we  must  refer  the  reader  to  a  Paper  by  Prof.  Ayrton 
and  Dr.  Sumpner,  entitled  "  Alternate  Current  and  Potential 
Difference  Analogues  in  the  Methods  of  measuring  Power." 
{Phil.  Mag.,  August,  1891,  p.  204.) 
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It  will  be  seen  that  whilst  the  Yoltmeter  methods  are 
dependent  upon  the  possibOitj  of  obtaining  a  primary  pressure 
at  best,  nearly  double  the  working  primary  electromotive  force 
of  the  trandbrmer,  these  currents  or  anmieter  methods  are 
dependent  upon  the  possibflity  of  obtaining  increased  currents 
over  and  above  that  required  by  the  primary  of  the  transformer. 
Both  methods  have  the  disadvantage  of  necessitating  a  waste 
of  power  in  a  dead  resistance,  which  waste  of  power  is  approxi- 
mately equal  under  most  ^vourable  conditions  for  accuracy  to 
the  power  being  measured.  The  methods  are,  therefore,  hudly 
applicable  to  such  a  case  as  that  of  measuring  the  power  being 
sent  out  from  an  alternating-current  station  into  the  primary 
circuits  of  a  large  number  of  transformers.  It  would  be  then 
generally  impracticable  to  produce  the  conditions  favourable 
to  accuracy,  and  such  instrumental  readings  as  could  be 
obtained  would  be  affected  by  errors  which  would  totally 
vitiate  the  calculated  results. 

Wattmeter  Methods* — ^In  most  of  the  methods  previously  de- 
scribed  for  measuring  the  power  given  by  alternating  currents 
-  to  an  inductive  circuit  a  collection  of  instruments  is  required^ 
and  in  most  of  them  also  a  non-inductive  resistance  \a  employed 
as  an  addition  to  the  circuit  in  which  the  power  is  to  be 
measured.  Generally  speaking,  when  such  a  non-inductive 
circuit  is  employed,  it  has  to  be  of  such  a  character  that  it  is 
possible  to  waste  in  it  a  power  approximately  equal  to,  or  even 
much  greater  than,  the  power  given  to  the  circuit  under  test* 
Outside  of  the  laboratory,  therefore,  all  these  methods  are  not 
always  convenient,  and  often  entirely  impracticable.  Take  the 
case  of  an  alternating-current  station  supplying  current  to 
distributed  transformers.  It  is  not  possible  to  obtain  the 
proper  conditions  necessary  to  employ  any  of  the  voltmeter,  am- 
meter, or  dynamometer  methods  described  above  with  success. 
Neither  is  it  possible  to  obtain  double  the  working  pressure 
necessary  for  the  application  of  the  three-voltmeter  method, 
nor  is  it  practicable  to  obtain  a  non-inductive  resistance  suffi- 
ciently proportioned  to  be  capable  of  wasting  an  amount  of 
power  proper  to  apply  any  of  the  other  similar  methods  under 
conditions  in  which  the  results  of  observation  would  be  likely 
to  give  figures  of  adequate  accuracy  to  deduce  the  true  power 
given  out. 

CO 
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There  is  one  instrument,  however,  which  does  not  necessitate 
in  its  use  as  a  power-meter  any  such  proportional  expenditure 
of  power.  This  instrument  is  the  dynamometer  with  a  thick 
and  a  thin  wire  coil.  The  theory  of  this  instrument  when 
employed  to  measure  alternating  current  power  has  been  dis- 
cussed in  Vol.  I.,  Chap.  III.,  §  17.  It  is  there  shown  that  if  one 
coil  of  a  dynamometer  is  inserted  in  series  with  an  inductiTe 
circuit  in  which  the  power  taken  up  is  to  be  measured,  and  if 
the  other  coil  is  made  a  shunt  across  the  terminals  of  this  cir- 
cuit, then  the  couple  required  to  hold  the  movable  circuit  in  a 
position  in  which  its  plane  is  at  right  angles  to  the  fixed  circuit 
is  strictly  proportional  to  the  power  taken  up  in  the  inductive 
circuit  only  under  two  oonditiqns : — (i.)  when  the  time  constant 
of  the  inductive  circuit  is  equal  to  that  of  the  shunt  circuit 
of  the  dynamometer,  and  (ii.)  when  the  time  constant  of  this 
last  circuit  is  absolutely  zero.  It  is  almost  impossible  to  realise 
the  first  condition,  and  hence  the  utilisation  of  the  dynamo- 
meter as  a  direct  wattmeter  without  the  use  of  any  additional 
instrument  is  dependent  upon  the  possibility  of  making  the 
time  constant  of  the  shunt  circuit  of  the  wattmeter  practically 
2ero.  This  result  can  be  obtained  by  making  the  movable 
coil  of  the  dynamometer  of  a  very  few  turns  of  wire,  and 
placing  in  series  with  this  outside  the  instrument  a  truly  non- 
inductive  resistance  of  no  sensible  capacity  and  of  appropriate 
magnitude.  If  the  fixed  coil  is  placed  in  series  with  the  circuit 
to  be  tested,  then  under  these  circumstances  the  power  given 
by  an  alternating  current  to  that  circuit  can  be  determined 
from  the  wattmeter  readings,  using  a  constant  for  the  instru- 
ment which  has  been  previously  determined  by  experiments 
with  continuous  currents. 

It  has  been  shown,  however  (YoL  I.,  Chap.  III.,  §  20),  that 
if  the  time-constant  of  the  fine-wire  circuit  is  not  truly  zero 
a  correcting  factor  must  be  applied  to  the  instrumental  con- 
stant determined  by  experiments  with  continuous  currents  in 
order  to  make  it  applicable  to  alternating-current  measure- 
ments on  inductive  circuits;  and  the  magnitude  of  that  factor 
is  dependent  upon  the  time-constant  of  the  dynamometer 
shunt  circuit,  and  that  of  the  circuit  under  test.  Also  that 
factor  contains  a  term  which  is  a  product  of  these  time- 
constants,  and  which  is  not  zero  unless  the  time-constant  of 
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the  Bhnnt  circait  is  abeolutely  zero.  The  shunt  circuit  of  the 
dynamometer  may  possess  either  a  certain  small  amount  of 
self-induction  or  a  small  amount  of  capacity,  and  either  of  these 
may  therefore  bestow  upon  the  shunt  circuit  such  a  positive 
qr  negative  equivalent  inductance  that  when  the  product  of  its 
time-constant  and  that  of  the  circuit  under  test  is  taken  the 
product  is  not  a  small  quantity  which  can  be  neglected.  It  is 
not  safe,  therefore,  to  assume,  without  making  special  tests, 
whether  any  proposed  arrangement  of  shunt  circuit  in  a 
dynamometer  wattmeter  has  a  time-constant  so  nearly  zero  that 
its  finite  value  introduces  no  errors  into  the  measurements  pro- 
posed to  be  made  with  it.  If  this  precaution  is  not  taken,  the 
reading  of  the  wattmeter,  when  taken  on  an  inductive  circuity 
will  not  give  the  true  power  when  interpreted  by  means  of  an 
instrumental  constant  determined  by  the  help  of  continuous 
ciurents.  Each  particular  wattmeter  needs,  therefore,  to  have 
-critical  and  particular  attention  bestowed  upon  it  before  it  can 
be  employed  to  measure  alternating  current  power.  One 
method  by  which  this  can  be  accomplished  is  to  compare  the 
readings,  given  by  the  wattmeter  in  question,  of  the  power 
taken  up  in  an  inductive  circuit,  say  in  the  primary  circuit  of 
&  transformer  on  open  secondary  circuit  with  the  readings  given 
by  a  method  of  acknowledged  accuracy,  viz.,  the  three-volt- 
meter method.  The  proper  conditions  must  be  secured  for 
obtaining  the  highest  accuracy.  It  is  important,  therefore,  to 
know  under  what  conditions  we  can  obtain  with  the  three- 
voltmeter  method  the  most  accurate  results.  We  shall  there- 
fore in  explaining  this  quote  literally  the  paragraph  from  the 
paper  by  Prof.  Ayrton  and  Dr.  Sumpner  in  which  they  discuss 
this  important  matter.*^ 

Taking  the  arrangement  figured  on  page  555,  let  Y^^  stand 
for  the  mean  of  the  squares  of  the  instantaneous  values  during 
the  period  of  the  potential  difference  between  the  ends  of  the 
inductive  resistance  under  test  Y^^  for  the  same  quantity  over 
the  non-inductive  resistance  in  series  with  it,  and  Y^  for  the 
flame  over  all  the  two  circuits  together.  Then  if  W  is  the 
watt  power  taken  up  in  the  inductive  circuit,  and  r  is  the  ohmic 

***Onthe  Measurement  of  the  Potoer  given  by  any  EUctrie  Current  to 
■any  Circuit "  (Ayrton  and  Sumpner),  Proe,  Roy,  Soo,,  London,  Vol.  49, 
p.  434,  1891. 
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resistance  of  the  non-inductive  cironiti  then  we  have  seen  that 
therefore,       dW-.- (VdV-ViiVj- V,<iV,X 

T- 

where  c?  Yi,  (f  Vj,  c?  V  are  the  errolrs  made  in  the  estimation  of 
the  three  potential  differences. 

Let  dV«±«V, 

where  eiBA  smaD  fraction,  $.0.,  let  the  errors  in  each  measur^^ 
ment  be  the  same  per  cent,  of  the  quantity  measured. 
The  most  probable  value  of  (dWy  is 

«,that  |_^-4*«__^J_^.    .    .    (1) 

Let  the  non-inductive  resistance  have  such  a  value  that 

V,-=»V^ (2) 

dW 
We  wish  to  find  the  value  of  x  which  will  make  --—  a  minimum. 

W 
Let  the  potentials  vary  harmonically,  and  let  ^  be  the  angle  of 
lag  between  the  potential  difference  of  the  terminals  of  the 
indnctive  circuit,  and  that  of  the  non-inductive  circuit.    Since 

these  being  instantaneous  values,  we  have 

V«=Vi»+V,«-i-2ViVjCos<^    ...    (3) 

Eliminating  Y,  V^y  and  Y,  between  equations  (1),  (2),  and  {3% 
we  have 

W>'*^ 4a:'cos'^ '     '     ^*^ 

Now  cos  ^  is  independent  of  x,  hence  to  find  out  what  value 

of  z  makes  d  W/W  a  minimum  we  differentiate  the  numerator 

rf  W 

of  (4)  and  equate  to  zero,  and  we  find  that  x^l  makes  -— -  a 

minimum.     Hence  the  arrangement  which  will  give  the  greatest 
possible  accuracy  in  the  measurement  of  W  is  that  in  which 


(f) 
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T2»y|,  or  in  which  the  potential  drop  oyer  the  indaotive 
drouit  is  equal  to  the  potential  drop  over  the  non-inductiye 
circoit. 

In  (4)  pat  z^  1 ;  we  have  then 


W  "  2coB<^ 

^  c^W_V2-h4(l+006^)»        ...     (5) 

We  cos<^  •    •    •    •     V  / 

dW 
But  — -  is  the  ratio  between  the  percentage  error  made  in 

TT  C 

measuring  the  power,  and  the  percentage  error  ^made  in  measur- 
ing one  of  the  potential  differences.  If  we  were  applying  this 
method  to  measure  the  power  taken  up  in  the  primary  circuit  of  a 
closed  magnetic  circuit  transformer  with  open  secondary  circuiti 
the  value  of  cos  ^  would  be  about  *75.     If  we  put  cos  ^sf  in 

dW 
(5)  we  find  that  -— -  » 5.     Hence  an  error  of  1  per  cent,  in 

measunng  each  of  the  alternating  potential  differences  would 
involve  an  error  of  at  least  5  per  cent,  in  the  measurement  of 
the  power,  and  to  get  the  power  correct  to  one  per  cent,  we 
must  be  certain  that  the  voltmeter  readings  are  correct  to 
within  a  quarter  per  cent  Since  cos  <^  is  more  nearly  zero 
when  measuring  the  power  taken  up  at  no  load  in  the  primary 
of  an  open  magnetic  circuit  transformer,  say  a  Hedgehog 
transformer,  it  follows  that  it  is  more  difficult  to  measure  with 
a  given  percentage  accuracy  the  inductive  power  taken  up  in  a 
circuit,  the  power  factor  of  which  is  small,  than  the  power 
taken  up  in  a  closed  magnetic  circuit  transformer  in  which  the 
power  factor  is  large. 

Betuming  to  the  wattmeter  measurement,  we  may  say  that 
the  above-described  three-voltmeter  method  must  be  applied 
with  the  necessary  care  to  check  the  readings  of  ^  dynamometer 
wattmeter  before  these  last  can  be  depended  upon.  .  Experi- 
ments by  the  author  have  shown  that  very  considerable  errors 
may  be  introduced  in  wattmeter  measurements  by  small  but 
sensible  capacity  in  the  shunt  circuit  of  the  wattmeter. 

The  sum  and  substance  of  the  foregoing  discussion  is  that 
the  wattmeter  can  be  made  to  be-  an  accurate  instrument  for 
the  measurement  of  the  power  given  to  an  inductive  circuiti 
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but  the  user  of  Boch  instrament  should  take  some  care  to 
assure  himself  that  the  T^attmeter  shunt  circuit  is  truly  non- 
inductive,  or  that  its  time-constant  is  sufficiently  small  not  to 
affect  the  accuracy  of  the  measurements  proposed  to  be  made, 
by  reason  either  of  self-induction  or  capacity  in  this  shunt 
circuit 

QrapMc  and  Integrating  Methods, — In  discussing  the  work 
of  Prof.  Byan  on  ^'  Transformer  Indicator  Diagrams,"  we  have 
seen  that  when  the  primary  electromotive  force  and  current 
curves  of  a  transformer  have  been  drawn,  we  can,  by  multipli- 
cation of  the  corresponding  instantaneous  values,  draw  a  power 
curve  showing  the  power  given  to  the  primary  circuit  at  every 
instant.  By  taking  the  mean  value  of  the  ordinates  of  this 
power  curve  during  one  complete  period,  we  obtain  the  mean 
power  given  to  the  primary  circuit.  This  method,  though  very 
laborious,  is  probably  as  accurate  as  any  of  the  above-described 
methods.  It  is,  however,  of  very  limited  application,  and  not 
at  all  suitable  for  general  use. 

§  15.  General  Eelations  of  Efficiency  and  Size  of  Trans- 
formers.— Foregoing  remarks  will  have  made  it  evident  to  the 
reader  that  the  designing  of  transformers  is  a  matter  which  is 
to  a  considerable  degree  a  tentative  one,  and  that  very  small 
changes  in  the  proportion  of  the  various  parts  will  often  con- 
siderably affect  the  result.  Let  us  assume,  however,  that  a 
constructor  has  before  him  a  transformer  of  good  design,  and 
which  is  highly  efficient.  He  wants  to  know  how  far  this  form 
is  a  guide  to  making  larger  or  smaller  transformers  of  the 
same  kind.  Mr.  Kapp  has  pointed  out*  that  if  we  take  a 
given  transformer  and  make  every  part  twice  as  large  whilst 
retaining  the  induction  density  constant,  we  shall  make  the 
output  of  the  transformer  32  times  as  great,  for  we  retain 
the  same  number  of  coils  and  turns  in  each,  and  hence  the 
total  induction  is  four  times  as  great  as  before.  The  electrO" 
motive  force  is  also,  therefore,  four  times  as  great.  The 
resistance  of  the  coils  has,  however,  been  reduced  to  one-half, 
because  the  section  has  been  increased  to  four  times  and  the 
length  doubled.   Hence,  if  we  allow  the  same  copper  loss,  we  can 

*  "  Profeiaional  Papen  of  the  Corps  of  Royal  Engineen,"  1892,  VoL 
XVIII.,  Paper  IIL,  p.  41. 
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now  allow  a  current  which  will  be  eight  times  its  former  value. 
Hence  the  output  of  the  transformer  is  increased  32  times,  be- 
cause the  current  is  increased  eight  times  and  the  electromotive 
force  four  times;  accordingly  the  output  is  increased  as  the  fifth 
power  of  the  increase  of  the  linear  dimensions.  The  weight  of  the 
transformer  will  only  be  increased  as  the  cube  of  the  increase  of 
the  linear  dimensions.  It  is  therefore  seen  that  large  transformers 
are  more  economical  to  build  than  small  ones,  and  that  they 
have  a  greater  output  per  unit  of  volume.    Mr.  Eapp,  however, 
points  out  that  since  the  surface  is  relatively  smaller,  in  the 
case  of  the  large  transformer,  it  is  not  possible  to  take  full 
advantage  of  this  increase  of  output  in  practice.     It  is  found 
that  for  every  watt  lost  in  the  transformer  in  core  or  coils 
together,  a  cooling  surfisuse  of  from  three  to  four  square  inches 
must  be  provided.     In  large  transformers  ventilation  becomes 
of  great  importance,  and  as  the  failure  of  a  large  transformer 
is  more  serious  than  the  failure  of  a  small  one,  it  is  essential 
that  the  temperature  shall  be  kept  down  to  a  point  at  which 
the  insulation  is  not  permanently  injured.    As  far  as  regards 
mere  temperature  effect  on  the  metals,  we  have  seen  that  it  is 
advantageous  for  the  iron  to  run  to  as  hot  as  possible,  provided 
the  permeability  is  not  much  diminished,  and  that,  similarly, 
the  copper  ought  to  be  kept  cool.     One  of  the  difficulties  which 
has  to  be  faced  in  the  system  of  distributed  transformers  is 
that  of  finding  suitably  ventilated  places  for  transformers. 
In  a  properly  designed  substation,  fans  can  be  used  to  circulate 
air  or  pumps  to  circulate  oil  round  the  transformers,  and  so  a 
steady  removal  of  heat  can  be  effected,  thereby  enabling  us  to 
take  the  full  advantage  of  large  size.     It  is  hardly  too  much  to 
say  that  when  properly  constructed  large  substation  trans- 
formers are  employed  in  well-designed  substations  the  efficiency 
of  distribution  of  such  a  transformer  system  could  be  made 
quite  equal  to  that  of  any  low-pressure  direct-current  system, 
and  be  kept  certainly  above  90  per  cent.    This  is  not  possible 
when  small  distributed  transformers  are  employed.    In  this 
case  the  efficiency  of  distribution  may  fall  as  low  as  50  per 
cent.    The  term  "  efficiency  of  distribution "  is  here  used  to 
denote  that  fraction  expressed  as  a  per  cent,  of  the  whole  of  the 
electrical  energy  sent  out  in  one  year  from  the  generating 
station  which  is  delivered  and  sold  to  the  consumers. 


CHAPTER  V. 


OTHER  PRACTICAL  USES  OF  TRANSFORMERS. 

§  1.  Electrical  Welding. — The  application  of  the  traneformer 
for  purposes  other  than  electric  lighting  has  led  to  the 
deyelopment  of  inventions  in  which  the  inductive  transforma- 
tion of  electric  energy  plays  an  important  part.  In  none  of 
these  is  the  striking  peculiarity  of  the  transformer  better 
brought  out  than  in  its  utilisation  in  electric  welding.  In 
electric  welding  we  see  the  principle  of  the  transformation  of 
electric  energy  pressed,  as  it  were,  to  its  utmost  limit,  in  that 
currents  of  enormous  strength  but  exceedingly  low  voltage  are 
generated  by  currents  of  small  strength  and,  relatively,  very 
high  voltage.  We  owe  this  youngest  of  the  electrical  arts  to 
Prof.  Elihu  Thomson,  who  made  known  the  processes  in  1886 
or  1887.  This  novel  way  of  utilising  electric  energy  depends  on 
the  simple  fact  that  if  a  very  large  electric  current  is  passed 
through  a  conductor  which  is  severed,  but  which  has  its 
severed  ends  pressed  together,  enough  heat  will  be  generated  at 
the  junction  to  raise  to  incandescence  the  ends,  and  fuse  them 
together.  The  peculiarity  of  this  process  of  electric  welding  is 
that  not  only  the  hitherto  so-called  weldable  metals,  but  almost 
all  others,  can  be  similarly  treated.  Hitherto  the  metals 
which  have  been  welded  with  facility  by  the  ordinary  methods 
of  furnace  heating  and  subsequent  hammering  have  been 
wrought  or  soft  iron,  steel,  platinum,  pure  gold,  and  a  few 
others ;  but  such  metals  as  cast  iron,  brass,  gunmetal,  bronaSi 
German  silver,  zinc,  tin,  lead,  aluminium,  and  other  alloys 
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have  not  hitherto  been  found  capable  of  being  so  welded ;  and 
even  in  the  case  of  copper,*  which  softens  rapidly  by  heating, 
the  welding  together  of  two  pieces  has  been  found  impractic- 
able, by  reason  of  the  great  rapidity  with  which  heated 
copper  oxidises.  Much  less  has  it  been  found  practicable  to 
weld  pieces  of  different  metals  together  by  ordinary  processes ; 
and,  even  in  the  case  of  iron,  very  small  pieces  can  scarcely  be 
welded  in  the  ordinary  way,  on  account  of  the  rapidity  with 
which  the  small  mass  cools,  thus  reducing  the  temperature  of 
it  below  the  welding  heat. 

All  this,  however,  has  been  changed  by  the  invention  of  the 
intoresting  process  of  electric  welding.  Deferring  for  the  moment 
further  details,  the  process  of  electric  welding,  apart  from  the 
special  apparatus,  may  be  thus  described.  Suppose,  for  insta^nce, 
that  two  rods  of  brass  or  iron  are  to  be  welded  end  to  end, 
the  ends  to  be  joined  are  made  slightly  oblique  or  convex.  The 
rods  are  then  grasped  respectively  in  the  jaws  of  two  powerful 
damps,  fixed  to  a  bench  in  such  a  way  that  the  axes  of  the  rods 
are  in  the  same  straight  line.  One  of  the  clamps  is  fixed,  while 
the  other  can  be  made  to  move  parallel  to  the  axis  of  the  rod, 
by  means  of  a  screw.  The  two  clamps  are  insulated  from  one 
another,  and  are  made  the  terminals  of  an  electric  circuit, 
which  may  be  the  secondary  circuit  of  a  particular  kind  of 
transformer  or  that  of  the  armature  of  a  dynamo,  or  a  secon- 
dary battery,  or  any  generator  for  furnishing  a  very  large 
current 

The  arrangement  for  furnishing  current  being  given,  the 
operation  of  electric  welding  is  comparatively  simple.  The 
movable  clamp  is  screwed  forward  until  the  rods  just  touch 
one  another,  and  a  small  quantity  of  powdered  borax  is  sprinkled 
at  the  junction  to  remove  the  oxide.  The  current  is  then 
switched  on  and  increased  in  strength  until  the  metal  at  the 
junction  becomes  sufficiently  hot  for  the  two  pieces  to  fuse 
together.  The  movable  clamp  is  meanwhile  screwed  forward  so 
as  to  squeeze  the  two  rods  into  perfect  contact^  the  temperature 
being  all  the  while  maintained,  if  need  be,  by  increasing  the 
current  When  the  joint  is  perfect,  the  piece  is  removed  from 
the  clamps  and  bent  or  otherwise  hammered  to-  the  required 
shape  on  an  anvil,  while  still  hot.  The  portion  of  the  rods 
heated  is  quite  short,  most  of  the  heat  being  generated  at  the 


OTHER  PRACTICAL  USES  OF  TRANSFORMERS.  571 

junction,  initially  because  of  the  slightest  resistance  of  the 
contact  in  the  first  place,  and  •  afterwards  because  of  the 
relatively  high  resistance  of  the  heated  part  of  the  rod  after 
the  junction  has  become  complete.  Should  the  weld,  on  exa- 
mination, prove  to  be  faulty,  the  specimen  may  be  again  put  into 
the  clamps  and  re-heated ;  the  bad  weld  would  in  most  cases 
have  sufficiently  high  resistance  to  localize  the  heat. 

It  will  be  seen  that  this  method  has  immense  advantages  for 
light  work.  Where  electrical  power  is  available,  the  clamping 
appliances  can  be  fixed  to  a  bench  in  any  part  of  the  workshop, 
and  the  operation  is  clean,  exact,  and  expeditious.  Another 
great  advantage  is,  that  almost  any  metal  can  be  welded  by 
this  means.  Metals  most  commonly  used  to  illustrate  the  pro- 
cess are  cast  iron,  steel,  wrought  brass  and  copper,  all  of  which 
weld  perfectly.  So  complete  is  the  junction  that  the  specimens 
when  tested  afterwards  are  generally  found  to  break  at  other 
places  than  at  the  weld.  In  welding  large  bars  the  currents 
that  are  required  are  considerable,  but  as  the  current  is  main- 
tained only  for  a  short  time,  the  actual  power  consumed  is  not 
great.  For  instance,  the  current  required  to  effect  a  weld 
between  ^-inch  steel  rods  is  about  450  amperes,  but  a  somewhat 
smaller  current  suffices  to  maintain  the  welding  heat  after  it 
has  once  been  obtained. 

The  process  of  electric  welding  is,  therefore,  seen  to  be 
essentially  dependent  upon  the  high  resistance  produced  at 
a  contact  of  two  metals,  and  subsequently  upon  the  high 
resistance  of  a  hot  metal,  combined  with  the  application  of 
pressure  of  the  two  ends  when  the  welding  temperature  is 
obtained. 

It  is  obvious  that  special  means  are  necessary  to  obtain  the 
immense  currents  requisite  for  effecting  electric  welding.  The 
only  two  processes  which  have  been  found  practicable  for  gene- 
rating these  currents  are  dependent  upon  the  use  either  of  a 
low-resistance  dynamo  or  of  a  transformer  with  a  specially 
constructed  low-resistance  secondary  coil.  The  first  method, 
employing  a  dynamo,  is  called  the  "  direct  type  of  welding,"  but 
has  not  such  an  extensive  application  as  that  process  in  which  the 
transformer  is  employed.  In  Fig.  1  is  shown  a  dynamo  adapted 
for  direct  welding,  as  constructed  by  the  Thomson-Houston 
Company.     On  a  table  above  the  dynamo  are  seen  the  jaws 
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or  olamps  in  which  tfae  rods  to  be  welded  are  plated,  and 
Uuraugh  which  juiictioQ  tHe  currenb-  froia  the  dynamo  ii 
puaed.  By  far  the  moat  oonveniant  prooesBes  are  thow 
which  employ  an  induction  ooil  or  traDsfcrmer,  beoauaa  by 
these  appliances  the  requiute  large  current  can  be  very  euilj 
obtained.'  In  i^elding  a  rod  of  steel  rather  less  than  lin.  in 
4iameter,  it  is  roughly  estimated  that  a  current  of  20,000 
amperes  ia  required,  and  in  making  larger  welda,  momentaiy 


no.  L — TbomMB  Welding  DjnuiKh 


«arTentB  up  to  50,000  amperes  are  required.  It  must  be  borne 
in  mind,  however,  that  the  electromotive  force  of  this  large 
onrrent  is  veiy  small, — at  most,  one  or  two  volts  between  the 
clamps,— 7«nd,  accordingly,  the  power  taken  up  is  kept  within 
reasonable  Umits.  In  Fig.  2  is  shown  one  of  the  earliest  forms 
of  electric  :weldiug  transformers.  It  consists  of  an  induction 
coil,  having  a  core  of  iron  wire  about  12in.  long  and  2Jin.  in 
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diunetw,  araund  vhioh  is  wotind  a  ooil  of  primuy  wlm 
inteaded  to  be  tmveraed  ^y  tbe  current  from  the  altemating- 
ourrent  maohine,  under  an  eleotromotive  force  of  200  or  30O 
Tolts,  The  Beoondary  ciroait  is  compoeed  of  64  wires,  No.  10 
^nge,  bound  together,  and  passing  only  eight  -times  round  the 
owe.  The  ends  of  this  stnoided  seoondary  circuit  sre  bolted 
down  to  fired  copper  plates,  upon  which  are  the  clamps,  formed 
of  masrive  blocks  of  copper,  intended  to  hold  the  pieeos  to  bo 
welded.  One  of  these  damps  is  fixed  and  the  other  slides  apon 
guides  on  its  own  bed-pUte,  being  drawn  towards  tbe  fixed 


Fre.  2.— Early  Form  of  Wddiog  Tnuwtatmer. 

clamp  by  means  of  a  screw.  A  cam  is  arranged  to  be  turned 
so  as  to  separate  the  damping  appliance  by  forcing  back  tbe 
movaUe  block  and  holding  it  so  duiing  the  placing  of  the 
tods  in  the  damps. 

It  will  thus  be  seen  that  the  secondary  dronit  of  the  tntoa- 
f<nmer  consists  of  a  secondary  ooil,  having  an  exceedingly  low 
resistance,  probably  not  more  than  000015  of  an  ohm.  When 
the  alternating  current  is  passed  tbrongb  the  primary  oirouit, 
it  generates  in  this  low  resistance  secondary  an  enormous 
current,  having  a  very  low  electromotive  force.    On  the  starting 
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of  this  omrent  the  larger  part  of  the  resiBtance  of  the  Heooudaiy 
eircuit  eiiats  just  at  the  point  of  contact  of  the  metal  rods 
placed  in  the  clamps,  and  henoe  at  this  place  nearly  the  whole 
of  the  enei^  of  the  secondary  cmiuit  is  expended.  As  the  ends 
of  the  rods  heat  up  to  brilliant  incandescence,  they  are  pressed 
together  by  meana  of  a  spring  between  the  clamps,  thus  forcing 
them  into  union  aud  efTectiug  a  complete  junction.  The  plan 
of  the  arrangement  is  shown  in  Fig.  3.  As  it  is  impossible  to 
place  a  switch  in  the  secondary  circuit,  the  current  is  made  or 
broken  by  a  switch,  W,  placed  in  the  primary  rirouit  of  the 
transformer. 

It  is  obvious  that  if  we  were  using  a  perfect  conductor  of 
electricity  placed  between  the  jaws  of  such  an  electrical  welding 


transformer,  we  could  have  no  electrical  heating  whatever, 
because  the  oonduotor,  having  no  resistance,  would  not  dissipate 
any  of  the  electric  enei^  of  the  current  passing  through  it,  and 
therefore  no  heat  would  be  produced.  It  is  equally  obvious 
that  if  we  employed  a  substance  absolutely  non-conducting,  no 
current  would  pass  through  it,  and  we  could  not  therefore  heat 
it  Fortunately,  both  iron  and  steel  occupy  an  intermediate 
position  in  respect  of  their  conducting  power.  At  the  ordinary 
temperature  of  60*  Fahrenheit,  a  piece  of  wroujiht  iron  1ft. 
long  and  Isq.  in.  in  section  would  need  half  a  volt  to  driva 
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10,000  amperes  through  it ;  in  doing  this  3,700  foot-pounds  of 
electrio  energy  would  be  dissipated  in  a  second  of  time.*^ 

If  we  used  a  similar  length  and  area  of  German  silver  we 
should  in  the  same  time  dissipate  rather  more  than  double  that 
amount  of  energy,  namely,  7,7001bB.  A  similar  length  and 
area  of  silver  would  therefore  dissipate  only  5151bs.  of 
electric  energy.  It  is  extremely  likely  that  at  the  temperature 
at  which  welding  can  be  performed,  the  electric  resistance  of 
iron  to  the  flow  of  the  electric  current  is  increased  to  at 
least  eleven-fold  that  which  it  has  at  the  freezing  pointy 
because  the  welding  temperature  is  about  S^OOO""  Fahrenheit. 
Assuming,  however,  the  electric  resistance  to  be  increased  by 
only  eleven  times  that  which  it  has  when  the  iron  is  cold,  it 
follows  that  a  piece  of  iron  one  foot  long  and  one  square 
inch  in  section  would  under  these  circumstances  dissipate  in 
one  second  40,700  foot-pounds  of  electric  energy.  Accordingly^ 
as  the  metal  becomes  heated  in  the  process  of  welding,  even 
after  the  actual  joint  is  made,  the  hot  metal  continues  to  dissi- 
pate at  a  great  rate  the  energy  which  is  spent  in  it. 

A  more  recent  welding  appliance,  devised  by  Professor  Elihu 
Thomson,  is  shown  in  Fig.  4.  It  consists  of  a  transformer 
having  a  secondary  circuit  formed  of  a  single  massive  loop  of 
copper,  S,  laid  parallel  with  a  primary  coil,  P,  the  two  being 
wrapped  over  with  iron  wire  so  as  to  form  a  transformer.  The 
ends  of  the  secondary  circuit  terminate  in  massive  clamps  in 
which  the  rods  to  be  welded  are  placed,  these  ends  of  the 
secondary  circuit  can  be  drawn  together  by  means  of  a  screw 
or  separated  by  a  spring.  In  this  transformer  the  resistance 
of  a  secondary  circuit  is  not  more  than  *00003  of  an  ohm,  and 
the  electromotive  force  set  up  in  the  secondazy  circuit  is  about 
2  volts.  A  current  of  little  over  20  amperes  and  600  volts 
applied  to  the  primary  will  produce  in  the  secondary  circuit  a 
current  of  nearly  12,000  amperes,  with  an  electromotive  force 
of  1  volt.  Provision  is  made  for  cutting  off  the  circuit  from 
the  primary  circuit  by  means  of  a  switch.  Transformers  con- 
structed on  this  principle  are  called  "welding  transformers," 
and  they  have  been  developed  into  numerous  forms  applicable 

*  See  Sir  Frederick  Bramwell  on  *'  Welding  by  Electricity,"  Proceedings 
of  the  Royal  Institution  of  Great  Britain,  Vol.  XIII.,  p.  190. 
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Fio.  4. — Welding  Transformer. 
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Fia.  5. — Thomson  Wolding  Transformer. 


Fm.  6. — "  Hedgehog"  Weliling  TruiBformer. 
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to  the  immense  yarietj  of  purposes  for  which  electric  welding 
has  been  found  usefuL  Fig.  5  shows  a  similar  form  of  welding 
transformer,  haying  two  very  low  resistance  secondary  circuits 
of  di£ferent  sizes.  Fig.  6  shows  a  sketch  of  a  "  Hedgehog  ** 
transformer  with  very  low  resistance  secondary  circuiti  intended 
for  welding  purposes. 

§  2«  Applications  of  Electric  Welding. — ^It  has  been  found 
that  with  a  properly  designed  transformer  and  properly  pro- 
portioned clamps,  there  is  almost  no  limit  to  the  application 
of  electric  welding  in  the  constructive  arts.  Merely  to  mention 
a  few  of  these  applications,  the  following  may  be  enumerated 
as  instances  of  what  can  be  done.  Lengthening  of  screw  taps, 
drills,  augers  and  reamers  to  any  amount  required,  by  the 
insertion  of  a  new  piece  of  steel  in  the  length,  the  new  welds 
being  in  all  respects  just  as  strong  as  the  neighbouring 
metal ;  similarly  it  has  been  applied  in  mending  chisels  and 
punches  by  giving  them  new  edges,  welded  to  the  old  body ; 
lengthening  screw  bolts  by  welding  sections  of  new  bar  between 
the  head  of  the  bolt  and  the  screw,  or  shortening  them  by 
cutting  out  sections  and  re-uniting  the  head  and  the  body ; 
welding  new  drills  and  reamers  to  the  shanks  of  old  worn-out 
tools ;  renewing  of  worn-out  centres  of  lathes,  or  making  new 
tools  by  welding  a  piece  of  fine  steel  for  forming  the  cutting 
edge  on  to  a  piece  of  iron  or  less  valuable  steel,  forming  the 
shank  or  body  of  the  tool.  In  addition  to  these  appliances, 
large  work,  such  as  the  butt-welding  of  metal  taps  or  pipes  up 
to  6in.  in  diameter,  making  continuous  piping  of  steel,  iron  or 
brass  by  welding  into  one  length  shorter  pieces,  even  up  to 
such  lengths  as  1,000ft.,  for  bending  into  coils ;  making  and 
repairing  endless  bands,  as  band  saws,  wheel  tyres,  barrel  hoops, 
railway-earriage  axles,  &o*  Not  only  is  electric  welding 
applicable  to  such  large  work,  but  also  to  the  very  delicate 
work  of  the  jeweller's  art,  such  as  the  welding  of  steel  wires  of 
less  than  ^^th  of  an  inch  in  diameteci  It  Is  applied  also  in 
making  links  for  chains. 

It  may  seem  at  first  sight  difficult  to  understand  how  a  ring 
can  be  electrically  welded,  but  there  is  no  mystery  about  it.  In 
welding  a  ring  of  any  kind,  whether  a  wheel  tyre  or  the  link  of 
a  chain,  the  bar  to  be  welded  is  first  bent  round  approximately 
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into  the  shape  required  for  the  ring  or  link,  and  the  open  ends 
are  then  placed  in  the  clamps  of  the  welding  transformer. 
When  the  current  is  turned  on  the  greater  part  of  the  current ' 
passes  across  the  shorter  distance,  which  is  that  contained 
between  the  clamps,  and  the  greater  resistance  and  greater 
self-induction  of  the  longer  length  outride  the  clamps  prevent ' 
anything  more  than  a  small  fraction  of  the  current  passing 
through  it  Moreover,  it  has  been  found  possible,  by  the 
ingenious  device  of  linkiug  an  iron  loop  or  an  iron  ring  with  a 
ring  to  be  welded,  to  increase  the  self-induction  of  that  part  of 
the  ring  to  be  welded  which  is  outside  the  clamps,  so  that 
practically  no  current  passes  at  all  by  that  route,  but  it  all  goes 
across  the  junction  which  is  held  between  the  clamps. 

By  the  process  of  electric  welding  feats  can  be  performed 
which  would  be  absolutely  impossible  to  achieve  by  ordinary 
hand- welding ;  such,  for  instance,  as  heating  a  rivet  in  its  place 
and  welding  it  np  in  dtu,  also  welding  lengths  of  lead  piping 
together  so  perfectly  that  not  even  a  burr  is  left  on  the  outside 
of  the  pipe. 

Passing  on,  then,  to  a  more  detailed  description  of  the  process 
of  welding  we  may  say  that  the  welding  plant  consists  in  the 
first  place  of  a  motive  power,  generally  a  steam  engine,  driving 
a  dynamo,  which  can  furnish  an  alternating  current.  These 
•dynamos,  called  "welding  dynamos"  as  made  by  the  Thomson-  * 
Houston  Company,  are  all  similar  in  form,  but  vary  in  size  and 
dimensions.  The  field-magnets,  projecting  inwards  from  a 
frame,  have  four  or  six  pole-pieces  made  of  separate  plates  of 
iron  securely  bolted  together  and  to  the  frame,  the  coils  being 
fixed  on  in  the  ordinary  way.  The  armature  is  generally  a 
pole  armature,  that  is  to  say,  the  core  has  projections  on  which 
the  armature  coils  are  wound.  The  alternating  current  is 
taken  off  the  collector  rings  in  the  ordinary  way.  The 
•dynamos  are  made  self-oiling,  and  either  self  or  separately 
<exciting.  As  the  dynamos  are  only  required  to  furnish  current 
for  short  periods  and  not  constantly,  their  output  is  much 
greater  than  it  would  otherwise  bo  for  the  same  size  of  machine 
for  continuous  work.  These  dynamos  are  generally  wound  to 
furnish  current  at  an  electromotive  force  of  300  volts,  and  give 
a  current  making  100  complete  altemations  a  second,  or  6,000 
per  minute.     The  alternating  current  so  provided  is  brought 
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to  the  primary  circuit  of  the  welding  transformer,  which  may 
be  placed  at  any  reasonable  distance  from  the  machine,  dose 
to  the  welding  transformer  is  placed  a  switch  for  closing  the 
primary  circuit.  This  is  generally  actuated  by  means  of  a 
treadle,  so  that  the  primary  circuit  is  only  closed  at  the 
instant  and  during  the  time  that  the  operator's  foot  is  placed 
upon  this  treadle.  In  this  way  accidents  are  prevented  which 
might  occur  if  the  primary  switch  was  left  permanently  dosed. 
In  addition  to  this  switch  there  is  a  re-active  coil  (see  Chapter 
IL,  page  269),  the  object  of  which  is  to  control  the  strength 
of  the  primary  current  by  the  movement  of  the  handle  of  the 
re^active  coil.  The  operator  has  thus  periect  control  over  the 
strength  of  the  primary  current,  and  can  close  the  primary 
circuit  by  one  movement  of  the  foot^  and  control  the  current 
strength  by  one  movement  of  the  hand. 

In  the  construction  of  the  welding  transformer  it  is  necessary 
to  so  design  that  the  total  cross  section  of  copper  in  the  primary 
and  secondary  circuits  is  about  the  same.  The  joints  in  the 
secondary  circuit  of  the  welding  transformer  must  be  made  as 
massive  as  possible  and  have  perfect  contact ;  or  else  with  the 
immense  current  circulating  in  the  secondary  circuits  there 
would  be  great  heating  and  waste  of  energy  at  any  contact 
which  was  not  perfect.  The  iron  core  of  the  welding  trans- 
former is  formed  of  thin  sheet-iron  plates,  bolted  together. 
The  primary  circuit  consists  of  coils  put  on  to  the  core 
through  an  opening  which  is  afterwards  filled  with  a  lamin- 
ated block.  The  secondary  circuit  consists  of  a  single  massive 
copper  tube  or  bar  passing  through  the  centre  of  the  core  and 
connected  at  the  two  ends  with  massive  copper  castings,  support- 
ing the  welding  clamps.  This  whole  appliance  is  placed  upon 
the  proper  base  with  a  sort  of  table  at  the  top,  which  supports 
the  clamps  and  pressure  devices.  The  clamps  are  usually  made 
"^irith  one  clamp  kept  stationary  during  welding  and  one 
movable  clamp.  The  pressure  is  obtained  by  a  screw,  worked 
by  a  worm  wheel  and  ratchet. 

One  of  the  first  questions  asked  by  a  person  who  sees  electric 
welding  for  the  first  time  is,  how  much  power  does  it  take  to 
effect  a  weld  f  There  is  considerable  difficulty  in  measuring 
the  power  taken  up  in  such  a  low-resistance  circuity  but  the 
result  of  tests  has  shown  that  the  average  power  consumed  in 
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welding  a  ^iu.  bar  of  iron  is  about  6j^  H.P.  if  welded  in  10 
■econdfl ;  a  lin.  round  iron  rod  requires  12  H.P.  when  welded 
in  40  seconds ;  a  l^in.  round  iron  rod  requires  18  H.P.  and 
welded  in  90  seconds.  A  rougii  estimate  of  the  efficiency 
of  the  apparatus  showed  that  from  60  to  70  per  cent,  of  the 
power  supplied  by  the  engine  was  taken  up  in  the  weld.  The 
time  taken  in  making  the  weld  is  a  vexy  important  factor,  as 
the  quicks  the  weld  is  made  the  greater  is  the  power  con- 
sumed. If  a  piece  of  lin.  round  iron  is  welded  in  40  seconds  it 
takes  12  H.P.,  it  would  require  about  twice  the  power  to  effect 
a  weld  in  half  the  time ;  but,  on  the  other  hand,  if  the  weld  is 
made  too  quickly,  the  metal  is  burned  at  the  end  in  contact^ 
and  if  it  is  made  too  slowly  the  machine  and  the  clamps  are 
over  heated,  and  much  energy  is  lost  by  radiation.  There  i% 
therefore,  for  every  particular  kind  of  weld  a  proper  speed  at 
which  it  must  be  made  to  get  the  best  results.  For  lin.  xonnd 
iron  rod  it  is  estimated  that  about  5,000  amperes  passing  for 
20  seconds  effects  a  weld ;  for  a  2in.  round  iron  rod  about 
20,000  amperes  passing  for  80  seconds  effects  a  weld. 

Success  in  the  application  of  this  process  of  electric  welding 
to  the  welding  of  different  metals  and  objects  is  found  to 
depend  greatly  upon  the  proper  disposition  of  the  objects  to 
be  welded  in  the  damps.  The  less  the  projection  of  the  piece 
beyond  the  clamps  the  less  is  the  power  used,  as  the  resistance 
through  the  bar  is  lessened ;  but  if  the  pieces  project  too  little 
the  clamps  become  heated  to  a  high  temperature,  and  are 
burned  or  heated  more  than  necessary.  If  a  too  great  projeo- 
tion  is  given  to  the  ends  of  the  bars  to  be  welded,  then  much 
power  may  be  lost  by  radiation,  and  a  longer  length  of  bar 
may  be  heated  than  is  required.  In  welding  together  different 
metals,  such  as  brass  and  iron,  or  aluminium  and  copper,  it  is 
found  necessary  to  make  the  pieces  project  from  the  clamps  to 
different  degrees,  and  a  certain  skill  and  acquaintance  with 
the  process  has  to  be  acquired  before  the  best  results  can  be 
obtained.  For  heavy  work  it  is  found  necessary  to  keep  the 
olamps  cool,  by  having  them  made  hollow  and  circulating  water 
through  them. 

In  welding  together  a  very  easily  fusible  metal  such  as 
aluminium  or  lead  to  a  more  refractory  metal,  such  as  brass  or 
copper,  the  amount  by  which  each  bar  projects  from  the  clamps 
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is  an  important  matter  in  securing  an  efficient  weld,  because 
the  clamps  carry  away  the  heat  by  conduction ;  and,  therefore, 
if  the  rod  of  most  easily  fusible  metal  is  so  set  in  the  clamps 
that  it  only  projects  a  little  way,  it  is  possible  to  manage 
matters  in  such  a  fashion  that  the  two  rods  come  to  just  the 
proper  temperature  to  effect  the  weld — the  temperature  of  the 
most  easily  fusible  metal  being  prevented  from  rising  to  an 
excessive  point  by  the  great  conductivity  of  the  clamp  in  which 
it  is  inserted. 

Amongst  the  metals  that  have  been  welded  by  this  process 
are  gold,  platinum,  silver,  copper,  aluminium,  bismuth,  cobalt, 
antimony,  zinc,  tin,  lead,  iron,  nickel,  manganese  and  magnesium. 
Amongst  the  alloys  welded  are  the  different  kinds  of  bronze— 
phosphor  bronze,  aluminium  bronze  and  solid  bronze,  malleable 
and  cast  iron,  German  silver,  lead  and  tin.  Amongst  the  com- 
binations welded  are : — Copper  to  brass,  brass  to  iron,  brass  to 
German  silver,  German  silver  to  iron,  cast  iron  to  wrought  iron, 
lead  to  tin,  tin  to  zinc,  brass  to  tin,  gold  to  silver,  silver  to 
platinum.  Prof.  Elihu  Thomson  has  welded  a  bar  fths  of  an 
inch  in  diameter,  made  up  of  the  following  nine  metals  welded 
together  in  short  lengths,  in  the  following  order  : — Copper, 
brass,  iron,  German  silver,  brass,  tin,  zinc,  tin,  lead.  A  similar 
bar  was  sent  to  the  Paris  Exhibition  of  1889. 

With  regard  to  the  tests  of  strength  of  the  so  welded  metals, 
the  report  of  tests  made  with  the  Bich  testing  machine  shows 
that  wrought-iron  may  be  welded  so  as  to  possess  the  same 
tensile  strength  at  the  joint  as  the  unwelded  bar.  When  a 
perfect  weld  is  made,  the  fracture  is  usually  within  the  welded 
portion  of  the  bar  caused  by  the  stock  being  annealed  at  that 
section.  If  the  welded  bar  breaks  at  the  weld,  it  is  no  sign 
that  the  weld  was  a  poor  one,  so  long  as  the  tensile  strength  is 
equal  to  that  of  the  unwelded  bar.  If  the  weld  by  an  ordi- 
nary blacksmith's  process  stands  70  to  75  per  cent,  of  the 
original  stock  it  is  called  excellent ;  but  in  the  electric  weld  as 
much  as  85  per  cent,  is  reached  with  the  burr  removed. 
Hammering  the  weld  lightly  at  the  welding  heat  gives  it  more 
strength,  95  per  cent,  or  even  100  per  cent,  being  then 
reached.  Wrought-iron  bar  has  a  tensile  strength  of  about 
50,0001b.  per  square  inch ;  Norway  iron  bar  about  60,0001b. 
per  square  inch.     The  tensile  strength  of  mild  steel  is  from 
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60  to  80,0001b.  per  square  inch.  The  tensile  strength  of  tool 
steel  may  be  120,0001b.  per  square  inch,  or  even  more.  The 
strength  of  a  tool-steel  weld  is  greatly  improved  by  light  ham- 
mering while  at  a  welding  heat,  if  properly  done.  The  welding 
heat  of  steel  is  far  below  that  of  iron,  so  that  in  welding  steel 
more  pressure  is  required  to  effect  the  weld  than  for  iron,  be- 
cause the  steel  is  not  so  plastic  as  the  iron.  The  temperature 
range  between  the  burning  point  and  the  non-welding  point  is 
rather  small,  so  that  some  skill  is  required  to  effect  a  good 
weld.  The  higher  kinds  of  cast-steel  require  considerable  care 
in  welding.  With  regard  to  the  welding  of  copper,  tensile 
tests  of  welded  copper  show  as  high  as  90  to  98  per  cent,  of 
the  annealed  stock.  The  tensile  strength  of  annealed  copper 
is  about  32,0001b.  per  square  inch.  Wrought  brass  is  welded 
without  difficulty.  The  percentage  of  tensile  strength  obtained 
is  very  high.  The  tensile  strength  of  annealed  brass  is  about 
47,0001b.  per  square  inch.  A  very  good  joint  can  be  made 
between  brass  and  iron. 

With  regard  to  the  manufacture  of  chains,  they  are  usually 
made  with  a  double  weld  in  each  link.  Chains  have  been 
electrically  welded  and  tested  in  sizes  from  one-sixteenth  of  an 
inch  wire  to  one  inch  round  iron.  Chains  made  from  one- 
sixteenth  of  an  inch  wire  stand  a  strain  of  2601b. ;  chains  made 
from  one-eighth  of  an  inch  bar  iron  stand  a  strain  of  7901b. 

The  variety  of  uses  to  which  this  method  of  electiical  weld- 
ing applies  is  almost  unlimited  and  too  numerous  to  mention. 
Probably  no  invention  covers  such  a  broad  field  of  work  and 
such  possibilities.  Briefly  speaking,  they  may  be  comprised 
within  such  limits  as  welding  of  rods  and  bars  from  the  finest 
wire  iy[>  to  Gin.  in  diameter,  joining  bars  of  different  shape  and 
section,  welding  railway  rails,  welding  conductors  for  electrical 
purposes,  making  continuous  piping  for  carrying  gas,  oil  pipes, 
boiler  tubes,  &c.,  making  chains  and  link  work  from  the 
smallest  jewellers'  work  to  a  heavy  ships'  cable,  all  of  which 
great  variety  of  work  is  capable  of  being  dealt  with,  with  ease 
and  celerity. 

The  result  of  some  tests  made  at  Kirkaldy's  and  recorded  by 
Sir  Frederick  Bramwell  are  as  follows  : — 80  welds  were  made 
in  round  iron  bars  l^in.  in  diameter,  they  took  an  average  of 
2^  minutes  each   to  make,  which    was  roughly  devoted   as 
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follows : — olamping  the  iron  and  heating  up  to  red  heat  each 
portion,  26  seconds;  full  heat  to  taking  out  of  jaws,  11 
seconds;  work  on  anvil,  16  seconds;  re-pntting  in  to  full 
heat  21  seconds ;  full  heat  to  taking  out  again,  10  seoonds ; 
re-taking  out  to  completion,  32  seoonds;  completion  to  puttmg 
in  next  piece^  20  seconds ;  making  a  total  of  135  seconds.  As 
a  comparison  with  this,  two  ordinary  blacksmiths  were  put  to 
make  welds  in  similar  bars  in  the  ordinary  manner.  They 
made  44  welds  in  three  hours  and  little  over,  or  practically  the 
same  time  as  was  taken  in  making  the  80  welds  electrically. 
Then  all  the  welds  were  sent  to  Eirkaldy's  to  be  tested,  and  he 
tested  one  half  of  them  with  the  following  results : 

Average  tensile  strength  of  bars,  52,6421b.  per  square  inch. 
Average  strength  of  those  which  broke  at  the  weld  when  welded 

electrically,  48,2151b. 
Average  strength  of  those  which  broke  at  the  weld  with  the 

welds  made  by  hand,  46,8991b. 

From  these  tests  we  have  a  right  to  say  that  these  eleo- 
trically-made  welds  gave  at  least  an  equal  tensile  strength  to 
scarf  welds  done  by  hand.  These  tests  indicate  also  clearly  the 
£BU3t  that  the  strength  at  the  weld  is  about  90  per  cent,  of  the 
strength  of  the  unbroken  bar. 

One  very  practical  application  of  electric  welding  is  in  join- 
ing up  lengths  of  iron  telegraph  wire.  For  the  convenience  of 
Telegraph  Companies  these  wires  are  put  up  in  coils  measuring 
each  exactly  half  a  mile  in  length.  In  order  to  obtain  this 
length,  it  has  been  generally  the  custom  to  make  up  the  proper 
length,  when  necessary,  by  splicing  with  a  common  telegraph 
joint  after  the  wire  has  been  galvanised.  This  gave  a  large 
and  cumbrous  joint;  and  the  electrical  welded  joint  is  in  every 
way  preferable,  so  much  so,  that  if  the  joint  has  the  burr 
taken  down  by  an  emery  wheel,  it  is  impossible  afterwards  to 
detect  where  the  wire  has  been  joined.  Similarly,  with  regard 
to  steel  cables  for  use  in  mines.  The  steel  cable  can  be 
electrically  welded  in  such  a  manner  that  the  tensile  strength 
of  the  joint  is  approximately  equal  to  that  of  the  unbroken 
cable,  and  yet  the  cable  will  be  in  no  degree  thickened  np  at 
the  joint.  The  most  varied  field  for  electric  welding  work  has 
been  found  in  welding  together  the  different  parts  of  bicycla 
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wheels  and  frames.  The  material  in  this  case  is  soft  steel  or 
Norway  iron ;  the  crescent  tyres  of  bicycle  wheels  can  be  easily 
electrically  welded,  and  the  different  parts  of  the  frames  put 
together  without  any  rivets.  In  the  United  States  a  large 
variety  of  manufacturing  firms  have  adopted  electrical  welding 
for  their  special  needs,  such  as  chain  making,  and  the  making 
of  continuous  pipes.  In  addition  to  the  actual  process  of  joint- 
ing together  two  lengths  of  a  bar,  the  electrical  welding  trans- 
former can  be  most  usefully  employed  in  "  upsetting "  iron 
bars.  For  instance,  if  a  collar  is  required  upon  a  steel  shafts 
the  shaft  is  placed  in  the  jaws  of  the  welder  and  brought  to  a 
bright  welding  heat.  The  clamps  are  then  squeezed  together, 
thus  "  upsetting  "  the  bar,  forming  a  bulge  on  it,  which  can 
afterwards  be  turned  down  into  a  collar. 

The  processes  of  electrical  welding  have  thrown  light  upon 
the  actual  production  and  nature  of  burnt  steel.  By  forcing 
the  heat  in  welding,  no  matter  if  rapidly,  the  effect  of  .burning 
can  be  produced  as  thoroughly  as  by  means  of  a  fire.  This 
6hows  that  the  burning  of  steel  is  not  a  mere  oxidation,  but  a 
molecular  re-arrangement,  and  by  carefully  aveiuging  the  heat- 
ing the  metal  can  be  restored  to  its  original  condition. 

A  large  variety  of  tests  of  the  strength  of  electrical  welding 
joints  have  been  made  by  Prof.  £.  A.  Dolbear,  with  a  testing 
machine,  at  the  United  States  Arsenal  at  Watertown ;  and  from 
these  tests  evidence  was  clearly  obtained  that  the  tensile 
strength  of  the  bars  so  electrically  welded  was  approximately 
as  great  at  the  joints  as  at  any  other  part  of  the  bar.  Prof. 
Dolbear's  opinion  is  as  follows : — 

"I  have- made  nearly  100  tests  of  the  tensile  strength  of 
electrically  welding  bars  of  iron,  steel,  and  other  metals.  The 
results  were  of  such  a  character  that  I  can  state  positively 
that,  with  the  Thomson  welding  process,  it  is  possible  to  weld 
both  wrought  iron  and  steel  so  that  the  weld  is  as  strong  as 
the  same  cross  section  in  any  other  part  of  the  bar.  The 
appearance  of  the  fracture  is  fibrous  for  iron,  and  generally 
granular  for  steel,  the  strength  of  this  granular  steel  being 
in  some  samples  as  high  as  125,0001b.  per  square  inch.  I  had 
a  number  of  bars  welded  by  an  expert  blacksmith  and  a 
number  of  similar  ones  by  the  electrical  process,  with  the 
result  that  the  electrically  welded  bars  were  stronger  at  the 
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joint  than  those  by  the  ordinary  process.     The  bars  were  of 
various  sizes  up  to  l^in.  for  iron  and  f  of  an  inch  for  octagon 

steel." 

§  3.  Oonclusion. — There  are   several  other  applications  of 
induction  coils  in  telegraphy  and  telephony  which  might  be 
described,  did  space  permit.     We  may,  in  conclusion,  make 
very  brief  reference  to  their  employment  in  the  phonopore  of 
Mr.  Langdon-Davies.     In  his  system  of  induction  telegraphy 
Mr.  Langdon-Davies  employs  an  induction  coil  made  in  a 
peculiar  manner,  which  constitutes  it  partly  a  coil  and  partly  a 
condenser.    In  constructing  this  coil,  a  single  layer  of  insulated 
copper  wire  is  first  put  upon  a  divided  iron  core,  and  its  ends 
brought  out.     A  second  layer  is  so  laid,  and  so  on  for,  say, 
twenty  layers.     The  ends  of  these  circuits  are  then  joined  so 
that  the  whole  forms  one  primary  circuit  composed  of  twenty 
circuits  'in  parallel.     This  forms  the  primary  circuit  of  the 
coil.     Mr.  Langdon-Davies  finds  that  such  a  primary  causea 
less  spark  at  the  contact  breaker  than  one  which  consists  of  a 
single  circuit  of  wire.     The  secondary  circuit  of  the  coil  is 
composed  of  two  insulated  wires — one  end   of  each  wire  is 
permanently  insulated,  and  the  other  ends  form  the  terminals 
of  the  secondary  circuit.      It  wiU  thus  be  seen  that  the 
secondary  circuit  is  not  a  complete  metallic  circuit     One  end 
of  this  incomplete  secondary  circuit  is  connected  to  earth,  and 
the  other  to  the  line.     When  a  rapid  series  of  interruptions 
are  made  in  the  primary  current,  secondary  currents  are  set 
up  in  this  secondary  circuit  by    reason    of    the  combined 
capacity  and  mutual  induction  of  the  two  secondary  circuito 
with    respect  to  one  another  and  to   the  primary  circuit. 
These  short  secondary  currents   are  employed  to  actuate  a 
particular  form  of  receiver.     A  secondary  circuit  so  constructed 
of  two  separate  wires  is,  however,  perfectly  non-conducting 
towards  steady  currents  or  currents  of  such  duration  as  are 
employed  in  ordinary  telegraphy.     Accordingly,  when  such  a 
phonoporio  induction  coil   is   employed  in  parallel  with  an 
ordinary  telegraphic  relay  having  considerable  self-induction, 
ourrents  of  sensible  duration,  such  as  telegraphic  currents,  pass 
through  the  relay  but  not  through  the  phonopore,  but  rapidly 
intermittent  or  oscillatory  currents  coming  in  from  the  line 
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pass  through  the  phonopore  secondary  ooil  but  do  not  actuate 
the  relay.  Hence  a  system  of  induction  telegraphy  can  be 
superimposed  on  the  same  line  wire  as  that  on  which  ordinary 
telegraphic  work  is  being  carried  on.  In  telephonic  work  the 
currents  sent  into  the  line  are  secondary  currents  produced 
from  a  small  induction  coil  in  the  transmitter.  The  variation 
in  the  strength  of  the  primary  currents  in  this  induction  coil 
produced  by  the  variation  of  resistance  of  a  loose  contact  in  the 
primary  circuit  is  made  to  generate  secondary  currents,  which 
follow  in  strength  these  variations  in  the  primary  current. 

These  and  other  special  applications  of  the  induction  coil  are 
to  be  found  fully  described  in  works  specially  devoted  to  tele- 
phony and  telegraphy.  We  have  confined  ourselves  in  the 
present  treatise  more  particularly  to  the  consideration  of  those 
applications  of  the  induction  coil  in  electrical  engineering  in 
which  it  is  usually  spoken  of  as  a  transformer,  and  in  which  it 
is  employed  to  effect  the  inductive  transformation  of  consider- 
able  amounts  of  electrical  energy. 
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Rise   of   Pressure   Effects   in  Conoentric 

Cables,  394 
Ritchie's  Induction  CoO,  48 
Ritchie's  Mode  of  Winding  Induction  Ci)il, 

49 
Rome,  Alternators  at,  148 
Rome,  Cables  at,  150 
Rome,  Change-over  Switch  at^  154 
Rome  Central  Station,  142 
Rome  Central  Station,  Description  of,  145 
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Rome  Central  StattoD,  View  of,  146 
Rome,  EleTfttion  of  CeQtrml  Station,  144 
Rome,  Plan  of  Central  Station,  143 
Ryan'B  Combined  Electrometer  and  Gal- 
vanometer, 438 
Ryan's  Experiments,  437 
Byaa.*B    Experiments    on    Westinghouse 

Transformer,  440 
Ruhmkorff*8  Contact  Breaker,  38 
RuhmkorfiTs  Induction  Coil,  36 
Ruhmkorffs  Induction  Coll,  ImproTements 
on,  39 

Safety  Devices,  427 

Salem  Central  Station,  Description  of,  288 

Salem  Station,  Elevation  of,  286 

Salem  Station,  Plan  of,  287 

Sardinia-street  Central  Station,  193 

Sardinia-street  Central  Station,  Arrange- 
ment of  Alternators  in,  201 

Sardinia-street  Central  Station,  Description 
of,  196 

Sardinia-street  Central  Station,  Dynamo- 
room  of,  197 

Sardinia-street  Central  Station,  Elevation 
of,  196 

SardUnia-street  Central  Station,  Plan  of, 
195 

Sardinia-street  Central  Station,  Switch- 
board of,  203 

Schuckert's  Polyphase  Transformer,  604 

Secondary  (Generator,  Efficiency  of,  76 

Secondary  Generator,  Gaulard  and  Gibbe' 
71 

Seoondaiy  Generators  arranged  in  series, 
73 

Secondaiy  Generators  at  Turin,  76 

Secondary  Generators,  Construction  of,  by 
Gaulard  and  Gibbs,  78 

Secondary  Generators,  Experiments  on 
Efficiency  of,  81 

Secondary  Gtenerators,  Experiments  on,  on 
Metropolitan  Railway,  75 

Secondai^  Gtenerators,  Gaulard  and  Gibbe' 
second  form  of,  74 

Self -Induction,  Discovery  of,  2 

SboDard  and  Whitehouse's  Liductaon  CoU, 

Siemens'  Cable  Transformer,  496 
Siemens'  Cables  at  Rome,  150 
Siemens'  Cables,  Junction  Boxes  for,  161 
Siemens'  Experiments  on  the  Effects  of 

Capocity  in  Cables,  395 
Sparking  Distance,  Callan's  Researchee  on, 

21 
Specification  for  Transformers,  527 


Spottiswoode's  Large  Coil,  54 

Spottiswoode's  Large  Coil,  Details  o    56 

Static  Hysteresis,  Curves  of,  483 

Steam  Pipe,  Ferranti,  324 

Step-up  and  Step-down  Transformers  71 

Stirrer's  Induction  Coil,  46 

Street  Lighting  by  Incandescent  Lamps^ 
Thomson-Houston  System,  280 

Sturgeon's  Induction  Coil,  9 

Stuigeon's  Researches  on  Induction,  4 

Sturgeon's  Second  Induction  Coil,  10 

Swinburne's  Electrostatic  Torsion  Volt* 
meter,  557 

Switchboard  at  Sardinia-street  Station,  203 

Switchboard  of  Thomson-Houston  Trans- 
former System,  260 

Switches,  High  Tension,  299 

Theory  of  Condenser  Effects,  412 

Three- Voltmeter   Method    of    Measuring 

Power,  565 
Three-I^re  System  of  Transformer  Distri- 
bution, Rankin  Kennedy's,  101 
Thomson-Houston  Alternator,  252 
Thomson-Houston  Alternator,  Siaee  of,  256 
Thomson-Houston  Central  Stations,  284 
Thomson-Houston    Compensator    System 

of  Electric  Lighting,  261 
Thomson-Houston  Composite  Field  Alter* 

nator,  263 
Thomson-Houston  Film  Cut-Out,  277 
Thomson-Houston  U^tning  Arrester,  272 
Thomson-Houston  Reactive  Coil,  269 
Thomson-Houston  Transformers,  262 
Thomson-Houston  Transformer  Svstem^Sl 
Thomson's  Welding  Dynamo,  572 
Tivoli,  Water-Power  Installation  at»  349 
Tivoli,  Transmission  of  Power  from,  350 
Tomlinson's  Automatic  Switch,  426 
Transformer  Distribution,  Sub-Stations,418 
Transformer  Indicator  Diagrams,  437 
Transformer,  Lowrie-Hall,  226 
Transformer,  Mordey,  296 
Transformer,  Open  and  Closed  Magnetic 

Circuity  88 
Transformer,  Polyphase,  604 
Transformer,  Practical  Construction  of,  600 
Transformer,    Practical    Construction    ot 

various  types,  602 
Transformer,  Practical  Study  of,  435 
Transformer  Station  at  Leghorn,  169 
Transformer  Station,  Metropolitan  Electric 

Supply  Company,  240 
Transformer  Stations  in  Italy,  166 
Transformer  System  of  Thomson-Houston 

Company,  2ol 
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Transformer  System,  Thomson  •  Houston, 

261 
Transformer  Systems,  119 
Transformer  System  of  Westinghouae,  167 
Transformer  System,  Zipemowsky,  Deri, 

and  Blithy,  85 
Transformer,  Waste  Magnetic  Field  of,  108 
Transformer,  Westinghouse,  172 
Transformer,  Various  lYpM  of,  88 
Transformen,  All-Day  Efficiency  of,  115 
^n:ansformer8    arranged    in    Series    and 

Parallel,  84 
Transformers,  Calculation  of  Sizes  of  Wires 

in,  528 
^nnsformers,  Constant-Current,  267 
Transformers,  Danger  from  Capacity  in,  112 
Transformers,  Data  of  Various,  514 
Transformers,  de  Meriten's  Use  of,  69 
Transformers,  Efficiency  of,  115 
Transformers,  Ferranti,  314 
Transformers,  Ferranti's,  104 
.  Transformers,  Fuller's,  68 
Transformers,  Ganz*s,  131 
Transformers,  Hopkinson's,  89 
Transformers  Insulated  in  Oil,  110 
Transformers,  Magnetic  Leakage  in,  107 
Transformers,  Magnetising  Current  of,  113 
Transformers,  Parallel  Working  of,  82 
Transformers,  Rankin  Kennedy's  Improve- 
ments in,  96 
Tiansformers,  Swinburne's  Hedgehog,  115 
Transformers,  Thomson-Houston,  262 
TVansformers,  the  Practical    Testing   of, 

506 
Transformers  used  at  BVankfort,  506 
Transformers,  Zipemowsky's  Form  of,  96 

Underground  Conductors,  367 
Uriah  Clarke's  Coil,  15 

Varley's  Induction  Coil,  63 
Voltmeter  Methods  of  Measuring  Power, 
551 

Wagner  and  Neef  s  Contact  Breaker,  29 
Waste  Magnetic  Field  in  Transformer,  108 
Water-Power,  Utilisation  of,  348 
Wattmeter  Methods  of  Measuring  Power, 

Wattmeter,  Mode  of  Checking  Correctness 
of,  563 


Welding,  Electric,  569 
'Welding  Transformer,  Early  Form  of,  573 
Westinghouse  Alternator,  168 
Westinghouae   Alternating    Current   Arc 

Light  Alternator,  209 
Westinghouse  Alternating  Current  Ismg 

214 
Westinghouse  Arc  Light  Alternating  Ar- 
mature, 210 
Westinghouse  Arc  Light  Alternator,  209 
Westinghouse  Arc  Light  Alternator,  Ex- 
planation of  Mode  of  Action  of,  219 
Westinghouse  Central  Station  in  England, 

193 
Westinghouse  Compensator,  186 
Westinghouse  ''Cut-Out,"  215 
Westinghouse  House  Regulator,  188 
Westinghouse  Impedance  Coil,  192 
Westinghouse  Stage  Regulator,  187 
Westinghouse  Switchboards,  181 
Westinghouse  Transformer,  172 
Westinghouse  Transformer,  ConstructioD 

of,  173 
Westinghouse  Transformer,  Efficieocy  of, 

177 
Westinghouse  Transformer,  Iron  Oase  of, 

175 
Westinghouse  Transformer  Stations,  189 
Westinghouse  Transformer  System,  167 
Westinghouse  Transformer  System  for  Are 

Lighting,  217 
Westinghouse  Transformers  fixed  to  Build- 
ings, 179 
Westinghouse  Transformers,  Efficiency  at 

various  Loads,  180 
Winding  Induction  Coili,  App's  Mode  of, 

59 
Wright's  Contact  Breaker,  31 

Zipemowsky,  Deri,  and  Bhithy's  TVans- 
former  System,  85 

Zipemowsky  Transformer,  Arrangements 
of,  86 

Zipemowsky  Transformer,  First  Exhibi- 
tion of,  85 

Zipemowsky  Transformer,  Old  Form,  88 

Zipemowsky's  Method  of  Regulating  Pres- 
sure in  Transformer  Systems,  93 

Zipemowsky's  Patents  for  Transformen,  93 

Zipemowsky's  Transformers,  Ccmstruction 
I      of,  96 
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